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METHOD AND APPARATUS FOR POWER GENERATION 



The present invention is a continuation-in-part of 
co-pending U.S. patent applications for: "Heat- 
Generating Method and Apparatus", Serial No. 323,513, 
filed March 13, 1989; "Neutron-Beam Method and 
Apparatus", Serial No. 326,693, filed March 21, 1989; 
"Heat Generating Method and Apparatus", Serial No. 
335,233, filed April 10, 1989; "Heat Generating Method 
and Apparatus", Serial No. 338,879, filed April 14, 1989; 
"Power Generating Method and Apparatus", Serial No. 
339,646, filed April 18, 1989; "Power Generating Method 
and Apparatus", Serial No. 346,079, filed May 2, 1989; 
and "Power Generating Method and Apparatus",- Serial No. 
352,478, filed May 16, 1989, which are incorporated 
herein by reference. . 

The present invention relates to methods and 
apparatuses for generating heat, neutrons, tritium or 
electrical power, and in one illustration, to an 
apparatus which utilizes heat produced by compressing low 
atomic weight nuclei in a metal lattice under conditions 
which produce excess heat, possibly involving nuclear 
fusion. 

An ideal energy source, and one which has been the 
subject of intensive scientific investigation and search 
over at least the past thirty years, would have the 
following properties: 

(a) the source would utilize deuterium, which is 
available in a virtually inexhaustible amount 
from the oceans; 

(b) The source would produce relatively benign and 
short-lived reaction products; 




(c) The source would produce substantially more 
energy, e.g. i n the form of heat, than the 
energy input into the system; and 

(d) The source could be constructed on a relatively 
small, even portable scale. 

Heretofore, no one energy source has come close to 
achieving these ideals. The possibility of converting 
deuterium to energy via nuclear fusion reactions in -a 
dense plasma, using either magnetic containment or 
martial confinement to achieve the. necessary plasma 
density, temperature, and confinement time needed for 
controlled plasma fusion, has been the subject of an 
intensive worldwide scientific effort. Despite this the 
possibility, of achieving controlled nuclear fusion in a 
high-temperature plasma appears to be years away. (See, 
for example, Technology Assessment Report) ^K 1 

In an alternative fusion approach, known as muon- 
catalyzed fusion, muons are used to "shield- the electric 
charge of nuclei (muons bind tightly to. the hydrogen 
nucleus and neutralize its positive charge) . The nuclei 
are drawn close together because of the heavy mass of the 
muon, so fusion by tunneling can occur at a relatively 
low temperature. Thus many of the problems of high 
temperature plasma containment which have limited the 
success of the high-temperature piasma approach are 
avoided. However, due to the low numbers of fusion 
events during the lifetime of any given muon, it is 
unclear at this date whether the method can ever be 
developed to support a self-sustaining reaction 



1 A listing of references for -ho y. n *~ 
5in this section are found at the end of Section*??* 
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The present invention involves an apparatus and 
method for generating energy, neutrons, tritium and/or 
heat as a specific form of energy. The apparatus 
comprises a material such as a metal having a lattice 
structure capable of accumulating isotopic hydrogen atoms 
and means for accumulating isotopic hydrogen atoms in the 
metal to a chemical potential sufficient to induce the 
generation of one or more forms of the previously noted 
energy. 

The sufficient chemical potential is, for example, 
enough to induce generation of an amount of heat greater 
than a joule-heat equivalent used in accumulating the 
isotopic hydrogen atoms in the lattice structure to the 
desired chemical potential. 

A preferred metal is one of group vili or group 
IVA, palladium being most preferred. Other preferred 
metals include iron, cobalt, nickel, ruthenium, rhodium, 
osmium, iridium, titanium, zirconium, hafnium or alloys 
thereof. 

During the operation of the apparatus of the 
invention, the charged lattice emits occasional bursts of 
neutrons, and/or undergoes short-duration periods of 
exceptional heat output. These observations suggest that 
heat-generating fusion events occurring within the 
lattice may include nuclear chain reactions which may be 
stimulated by high-energy particles or rays within or 
applied to the lattice (such as are generated by fusion 
or other nuclear reactions occurring within the lattice) . 
Therefore, one aspect of the. present invention involves 
stimulating or enhancing nuclear reactions in the lattice 
by exciting or bombarding the charged lattice with high 
energy rays or particles such as y rays, a or 0 
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fluid'comorf PO " ant emb ° diment - «>• W^atus indues a 
Ins for or d" ° PiC hydr0ge " "° m ™- »»* 

source t 9 hydr ° 9en at0ms '«» «« 

source to accumulate in the metal lattice, a preferred 

«otopxc hydrogen source is deuterated water. The fluid 

Zc mr-T^ soiution comprisi - " — - - 

" t L.T ^ hydr0,e " S ° 1Vent C ° mPOnent ' «„ metal 

and th ^ ^ SUbmSr9ed " thB «"'•«'• -option 

and the means for accumulating includes a charge- 

generating source for electronically decomposing the 
■ vent component into adsorbed isotopic hydrogen atoL 

i; :^^; he — — .*« 

The apparatus of the present invention may be used 
for generate electricity by use o, heat produced 

is" r e . skmed in «-*^. 

Means for transforming heat produced in said lattice 
structure to electrical energy include electrical 
generators such as steam turbines, semiconductor 
thermoelectric devices and thermionic emitters. 

A thermal neutron beam may also be generated by such 
an apparatus. This would involve a factor rn • 
«fl .aving a crystal lattice .^^r ' 
accumulating isotopic hydrogen ' atc.s and „J eh J* . 
isotopic hydrogen atoms accumulated in its lattice 
structure to a chemical potential sufficient to I, 
neutron-generating events, as evidenced bv th„ 



equilibrated with the isotopic hydrogen at 



standard 
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pressure; and means such as a divergent neutron 
collimator, for example, for colligating at least a 
portion of the thermal- neutrons produced in the reactor 
into a thermal neutron beam. Thermal neutron radiography 
of a target material may also be performed, using 
recording means positioned to receive neutrons which pass 
through target material in the thermal neutron beam. ' 
Recording means includes a converter to capture neutrons 
and emit capture-dependent radiation, and a film 
sensitive to said radiation. Neutron capture gamma-ray 
spectroscopy of a target material, may also be used by 
including means for measuring ganuna-ray spectra produced 
upon neutron capture by the material. Neutron scattering 
analysis of a target material, which includes a neutron 
detector for measuring distribution of scattered neutrons 
at angles different from that of the beam directed as to 
the target material is also an aspect of the present 
invention. 

The apparatus of the present invention may be in an 
arrangement where said metal is formed as a series of 
stacked membranes i n an electrolytic cell, where pairs of 
membranes partition the cell into a series of closed 
electrolytic compartments. 

Where the charge-generating source is electrolytic 
the metal is a cathode and the electrolytic decomposing' 
is carried out preferably at a current of 2-2000 mA cm" 2 
of cathode surface area, although hi ? h er current levels 

up to about 10,000 mA en" 2 an d even ;^ qher can ho „ . . 

" A ^ iier can be used in 

certain applications. 

in certain embodiments the fluid with the isotonic 
hydrogen atom source may comprise a catalytic poison 
effective to block catalytic evolution of gases 
consisting of hydrogen isotopes. The fluid may also 
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comprise lithium deuterox-irio » , ' 

lithiu.- .„ lt . t . may b r n / : r t ut " um suifate - t - 

sulfate. " to about 1-0 M lithium 

The isotopic hydrogen atom source mav „,„ k 
more fused netal isotopic hydride, « ° n " 0r 

accusation then indLina T ^ p " duci n, 

deterred combination is with a i 
of palladium nirtpi ',■ a neta l 

=:: :;r -;r - 

ueuteride, sodium deuterid^ r^4--> 

mixtures thereof Pr ! P ° taSslu " °<^teride or 

reot - Preferred methods of heat i nr. <-* 
particulate metal system includes heatLa t h 
with a h,-„v, neating the mixture 

~* =C t = :r:: :::r:r; hich 

in less than about ! „ second . 

The preferred apparatus of the present i 
one operaole form, includ .. an isotop' ydr 
source such as deuterated wate r , ordinary W ate r or 
tritiated water. cer ' or 

zirconium or alioys contai ning ^ * ^"--i- 

s i3tlng of P aii a diu::-:: d i:r:i:: : - 

,rid 1U m, osmxum, n.cKel, CO b al t, iron , zirconium / 
titans, piat.num, hafnium, an, alloys thereof, and a 
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thin metal film upon said substrate of "palladium, 
rhodium, ruthenium, iridium, zirconium, or alloys 
thereof. Alternatively, the metal may be a thin film 

layered on a composite of a substrate unable to 

accumulate_isotopic hydrogen ato ms to an extent jLnduclng 
_fusion reactions. Such a thin metal filiThaT a preferred 
•thickness of about 50-500 A, although thicker films might 
be suitable. 

Means for transforming heat to electricity include a 
steam-powered turbine or an electrical generator, and a 
heat transfer system for transferring heat from the heat 
source to a turbine or electrical generator. This means 
for transforming may also be a semiconductor 
thermoelectric device or utilize a thermionic emitter 
device. 

The present invention also includes methods of 
generating heat and neutrons, as well as producing 
electricity or performing work. These methods comprise 
the steps of: (a) contacting a material (preferably a 
group VIII or IV A metal) having a lattice structure 
capable of accumulating isotopic hydrogen atoms, with a 
fluid comprising an isotopic hydrogen atom source; and 
(b) inducing accumulation of isotopic hydrogen atoms in 
the lattice structure to achieve a concentration therein 
sufficient to cause heat or neutron generation. The 
achieved concentration of isotopic hydrogen atoms may be 
characterized by having a chemical potential of at least 
about 0.5 eV. The isotopic hydrogen atom source is at 
least one of water, deuterated water and tritiated water. 
In one preferred embodiment step (b) involves 
electrochemical decomposition of the isotopic hydrogen 
atom source and electrolytic compression of isotopic 
hydrogen atoms into the lattice structure. 
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The 



and/orT t byPr ° dUCts ' " hich =»" include tritium 
and/or tritiated gas, tritiated water and helium can be 
recovered by Known processes fw «" be 

^T" emlssions " hich b * — - • — - 

As a method of producing electricity, the method 
further co.pr.ses utilizing generated heat to generate 

! trlCltf * V " iou ' As a method of 

performing work, the method further comprises utilizing 
generated heat to perform work, such as by use of a 
Stirling engine, for example. 

Step (b) of these methods involve energy input 
conditions to induce isotopic hydrogen atom accumulation 
The energy-input conditions most preferably involve 
electrolysis with the material acting as a cathode. „ 
material „ preferably a metal and the electrolysis is 

2000 « ° U -2 Bt 3 CUrrent ° f bStUeen at ° Ut 2 »"= -bout 
2000 mA cm cathode surface area, or even at hi„h 
density levels as i „*<„,«. ,, ' 9 current 

! "Seated previously. i n a pr e f erred 

embodiment the material in the apparatus or method of 
the present invention is a metai which has been treated 
to remove surface and near-surface impurities which mav 
in ibit capability of the metal to accumuiate 

drogen atoms. The metal may also be degassed to < 
at ieast a portion of any P revi : us ly absorbed hydrog ." V " 

atoms. The treating includes s . — aco „,„„.- . Yar ° gen 
- 4. ! -" ace machining of the 

metal segment to remove a supe-'-i,! «. • 

the surface machining may be foU Z 

to remove machining residue. T , I " °" 

in „ , he de( ? a ssing preferably 

involves one or both of heat-inr, j 

„. , Seating and exposure to at least 

a partial vacuum. • aSt 



As a method for producing * „ *. 

producing a neutron beam the above 



method includes the additional step of: (c , f 



orming 



I! 

generated neutrons into a neutron beam', ""as a method of 
neutron-beam analysis of a target material this method 
comprises the steps of: (d) collimating at least a 
portion of neutrons produced by the reactor to form a 
neutron beam; (e) directing the neutron beam at the 
target material; and (f) measuring physical events which 
are produced by directing the beam onto the material. 

Figure I-1A shows a cubic face-centered crystal 
structure in the lattice of a metal, such as palladium, 
used in the present invention; 

Figure I-lB shows the expanded beta form of the 
lattice, and diffusion of an isotopic hydrogen atom into 
the lattice; 

Figure 1-2 schematically shows one embodiment of an 
electrolytic cell for compressing isotopic hydrogen 
nuclei into che lattice of a metal rod; 

Figure 1-3 schematically shows an embodiment of an 
electrolytic cell having a bipolar cell stack in a cell- 
pressed configuration, for compressing isotopic hydrogen 
nuclei, such as deuterons, into the lattice of a metal; 

Figure 1-4 schematically illustrates an alternate 
method for achieving electrolytic cc-pression of isotopii 
hydrogen atoms in a metal lattice; 

Figure 1-5 schematically illustrates a thin-film 
palladium electrode constructed for use in the invention 

Figure 1-6 schematically illustrates a 
coated electrode constructed for use in the 



palladium 
invention ; 
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Figure 1-7 shows t-h» - ~ " 

- *~ray ^integrations f^T^ counts per ninute , 

from an ap^ratus ■ like th/ Sample taken 

like the one shown in Figure i- 2; 

Figure i- 8 is a scnemat . c v . 
generator, which is an exemnl Steam driven 

^ utiii 2e the J^X^T 0 * 1 ^ " ™ 
Present invention. derived from the 

Figure i- 9 schematically illustrate 
recovering tritium. trates a system for 

Figure n-5 is a cross-sectional „ 
a neutron-beam generator construct , SChematic vie " of 
embodiment of the invention" aCCOrdi ^ to one 

Figure II-6 is a sche 
apparatus designed for neutron , ^utron-beam . 

one embodiment of the invention; ^ding to 

Figure Ii- 7 is a Schematic 

apparatus designed for neutron scatter "^^-^ 

analysis, according to another 12 , " diffract -n 

invention; and embodiment of the 

Figure Ii- 8 is a scheniatic 
apparatus designed for neutron cant, * "^^"^^ 
spectroscopy, according to a n«-K 

invention; ? an0ther embodiment of the 

Figure iih shows a s . ' 
calorimeter cell. --Pa.tment vacuum Dewar 

Figure IIT-2A shows ash 
<or protection a 9ainst ^^^^^ — u it 



-ons 
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Figure III-2B shows a schematics ortircuit for high 
stabilization of a regulated power supply used as a high 
output current galvanostat. 

Figure III-3A shows the temperature above bath vs. 
time (upper) and cell potential vs. time data (lower) for 
a 0.4 x 10 cm Pd rod in 0.1M LiOD solution. The applied 
current was 800 mA, the bath temperature was 29.87°C, and 
the estimated Q/ was 0.158 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.45 x 10 6 s after the beginning of the 
experiment. 

Figure IH-3B is the same as Figure IH-3A except 
time of measurement approximately 0.89 x 10 6 s. Estimated 
Q / = 0.178 W. 

Figure III-3C is the same as Figure III-3A except 
time of measurement approximately 1.32 x 6 s. Estimated Q 
= 0.372 W. f 

Figure III-4A shows the temperature above bath vs. 
time (upper) and cell potential vs. time data (lower) for 
a 0.2 x 10 cm Pd rod in 0.1H LiOD solution. The applied 
current was 800 mA, the bath temperature was 29.90°c, and 
the estimated Q f was 0.73 6 w. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.28 x 10 6 S after the beginning of the 
experiment. 

Figure III-4B is the same as Figure III-4A except 
time of measurement approximately 0.54 x lo 6 s. Estimated 
Q f = 0.888W. 
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Figure IH-4C is the c^ mQ 
4- • same zstiauro ttt ^» 

t». of measurement approximately , ^ " 4A 
Q y = 1.534 W. 10 s ' Estimated 

Figure III-5A shows c^n <- 

("PPer, ana ceU potj a ^ IZl'T' ^ ^ 

0-4 x x. 25 c „ Pd rod el dower, p lots for a 

current density 64 mA cm ^ th »- * ^ S ° 1Uti ° n - 
y "A cm , bath temperature 29.87°c. 

Figure III-5 B shows roil * 
(upper, ana ceU potent al vs ^ 
°-< x i. 25 cm Pa roa electro. "" (1 ° Wer) Pl ° tS for 3 
current density H « ^ ^""^ 

This is a ' te »Perature 29.87°c. 

a afferent ceU than that shown in Figure XXX- 

Figure IH-6A shows the rate nf 
generation as a function T- enthalpy 
HI-5A. " ° f f ° r the «U in Figure 

Figure IH-6B snows the ra 
-ration as a Action of time fer the^uT^ure 



Figure III-7A shows total SDe ~ifi„ „ 
output as a function of tln . ^^^t^ 
5A. Ceil lr > Figure III- 



Figure iii- 7B illustrate* 



energy output as a functi 
Figure III-5B. 



specifi 



exces! 



on °f tine for the. cell in 



P 

pe 



Figure Iii- 8 shows the cell - 
lot for a 0.4 x !. 25 ra pd ; vs. time 
erica during w hich the C6ll ^Zn^ 
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Figure III-9 is a Log-log plot -(e^ess enthalpy vs. 
current density) of the data in Tables III-3 and III- 
A6. 1. 

According to one aspect of the invention, it has 
been discovered that isotopic hydrogen atoms, such as and 
preferably deuterium atoms, when accumulated in the 
lattice of metals which are capable of dissolving 
hydrogen, can achieve a compression and mobility in the 
lattice which are sufficient to produce heat-generating 
events within the metal lattice which are believed to be 
fusion-related, as evidenced both by the amount and 
duration of heat released from the lattice, and by the 
generation of nuclear fusion products. These heat- 
generating events may be associated with neutron and 
tritium production, and perhaps other nuclear reaction 
products. 

Section I describes materials and conditions 
suitable for achieving the required conditions for heat- 
generating or neutron-producing events within a metal 
lattice. 

Section IT describes the generation and use of 
neutrons according to the present invention. 

Section III describes a detailed analysis of 
conditions and events relating to heat and neutron 
production according to the present invention. 

SECTION I 

Heat-Generating Conditions wit-h^ n a Mpt . a , Lattif ^ 
A. Metal Lattice ' 
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in t h ^.r i „^ i ?UOy - " hiar «" — - *or use 

— ving hy c:t\ n h r: e : a h r: a ::;: h are — •< 

electrolytic decomposition o, „ ' SUCh *" by (i > 

hydrogen, adsLptL 0 f\he T" 

lattice surface, and °' °" the 

the lattice. Obtusion of the atoms into 



-pressed into the metal at t ce Tl T^" ' t °"* 
e.g.. near hydride saturation "hat « one «»tr-tio M . 

« —ated an^el:: ^ 3tMS 

-« ^L^'LTLrTeT? 6 " atons by — 

defined herein to include I s °' ""^ '""^ "« 

-al doped with se^el ^t^,"^* 1 ^" "* 

Mueller et a^O, Ron < 3) 1SS) * See ; for example, 

* ^ and Bambakadi^' 0 ' "-M-nl 

-tals, and particularly paUad L !' VI " 

iridium, osmium, „ ickel c t ' 

thereof, such as palladium er [nd"' p^ 

alloys, are favored, as are f h P^iadxum/ceriun 

titanium, .irconi™,' I nd ZlZT* 

The group vin metal 5 „ 
lattice structures as illustrated i P ^"^ 
diffusion of isotopic hydrogen d iXVT 
the lattice is able to adopt an lattice, 
accommodates a high M „ C X L^^: ^ 
the lattice, and effective^ preven ts oc 
and cracking. S loca l"ed strain 
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One possible mechanism for the nuclear-fusion events 
which are believed to occur within a metal lattice 
charged with isotopic hydrogen involves a correlation 
between the valence electrons in the metal lattice and 
pairs of isotopic hydrogen which allows the hydrogen- 
atom pairs to become more localized and therefore more 
likely to fuse. Fusion occurring according to this 
mechanism may be favored by fermionic metals, i.e. , 
metals characterized by n(l/2) spin states. ' Exemplary 
fermionic metals would include titanium isotopes 22 Ti 

22* 47 ' 

and Ti 4g (together making up about 13% of the naturally 
occurring Ti nuclides) , «Pd 105 (making up about 22 
percent of the naturally occurring Pd nuclides) , 27 Co 
(making up 100% of naturally occurring Co nuclides) 

44 4 4 

Ru„ and Ru 1Q1 (together making up about 30% of the 
naturally occurring nuclides) , 45 Rh 103 (making up 100% of 
naturally occurring Rh nuclides) , 77 Ir 193 (making up about 
63% of the naturally occurring Ir nuclides), and 78 Pt 19 
(making up about 33.8% of the naturally occurring Pt 
nuclides) . 

Naturally occurring palladium may be particularly 
favorable, since the 46 Pd 1Q5 isotope has a relatively 
large neutron cross section compared with other major 
isotopes present in naturally occurring Pd. Naturally 
occurring rhodium is also expected to provide a highly 
favorable lattice. 

As will be appreciated below, the metal lattice 
should also have (or be treated to have) surface 
properties which are favorable to charging with isotopic 
hydrogen atoms. Where the metal is charged by 
electrochemical decomposition of isotopic hydrogen water, 
as described below, the surface should favor the 
electrolytic formation of atomic isotopic hydrogen at the 
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the at " alS ° faV ° r 6f£1Cient -"-orption of 

th. -to.ic isotopic hydrogen into the lattice. The 

latter requirement win b e defeated in certain metals, 

such as platinum, whose surface efficiently catalyses 

convert of atomic isotopic hydrogen to molecular gas, 

at the expense of absorption into the lattice. 

bv thl" th f LS J eSSOn ' and as »"1 b. readily appreciated 
which h " ^ mStalS 

"hich otherwise might provide a favorable metal lattice 
environment for isotopic hydrogen fusion, may be 
unsuitable. As win be discussed below, the problem of 
,o ecular hydrogen gas formation at the lattice surL 

can be minimized by the use of r^t- al 

, . of catalytic poisons thn«5 

-King usable otherwise potentially unusable medals 

-c h as^lT: 3 ' ^ 25 PlatinU »- " 3 -tal, 
atom oh PalladlUm " als ° inh ^' i-otopie hydrogen 

atom charging of the lattice, by promoting moleculL gas 

option at the expense of hydrogen atom absorption. n 
this regard, it is kno „ n tnat many ^ ^'.^ ' J" 

tziiz::: the surface ot a — *■» — - - 

metals h " S " 9 ° r anneali ^ For this reason 
-tals such as palladium which have been formed by 
casting or annealing may have significant platinum 
-puntxes at their surface regies, and may therefore 
show relatively poor charging effi^ency Lv 

solid lattice formed by casting c- ■ C ° nVer " 1 *' a 

u- ■ casting cr annealing, followed hv 

»ac ining or the UX.'to remove outar surface J * 

would have relatively low surface impurities. T L 
machined iattice may be further treated, such as with 
abrasives, to remove possible . surf ace contaminants from 
the machining process, such methods for reducing 
impurities in a metal lattice are known. 
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As will be seen from below, a feature which is 
believed to be important in the invention is charging a 
metal lattice to a high accumulation of isotopic hydrogen 
atoms, particularly deuterium. m metals such as 
palladium which are known to undergo significant 
hydriding (with ordinary hydrogen) over time (e.g. . 
Veziroglu< 4 >, Ron et al.< 3 >, Mueller et al.< 2 >), it is 
therefore desirable to remove at least a portion of the 
ordinary hydrogen present in the lattice prior to 
charging, sinqe this preexisting hydrogen may limit the 
available hydride sites in the lattice. Most preferably, 
all of the hydrogen should be removed. Methods for 
removing or desorbing hydrogen from a metal lattice, such 
as by melting and cooling, or vacuum degassing are known. 

Figure I-iB illustrates a Pd-D. (palladium-deuterium) 
lattice, showing deuterium nuclei moving freely into and 
out of a cell. Although the correct description of the 
palladium/ isotopic hydrogen atom system is still 
uncertain, experiments performed in support of the 
present invention, in conjunction with subsequent 
experiments reported by others, indicate the following 
features : 

1. The isotopic hydrogen atoms are highly mobile, 
with a diffusion coefficient for deuterium, , of about 
io- 7 d 

cnf's at about 100° K. This feature has been deduced in 
part from the measured electrolytic separation factor S 
for hydrogen and deuterium, which shows that S varies 
with potential and approaches a limiting value of 9.5, 
indicating that the atomic species in the lattice are so 
loosely bound as to behave as three-dimensional classical 
vibrators. 
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2. The isotopic hydrogen atoms exist as nuclei, 
&*SL., deuterons (D+) in the lattice, as evidenced by ' 
migration of the nuclei in an electric field. The 
electron from each isotopic hydrogen nuclei is presumed 
to be delocalized in the band structure of the metal 
lattice. 



3. It is possible to accumulate enough isotopic 
hydrogen atoms in the lattice to raise the chemical 
potential of the lattice to above 0.5 eV, and perhaps as 
high as 2 eV or more above the chemical potential of the 
metal equilibrated with the isotopic hydrogen atoms at 
standard pressure (i^e. , without input of energy). 

4. Although the repulsive potential of the 
isotopic hydrogen nuclei is shielded to some extent by 
electrons in the metal lattice, it is unlikely that 
molecular isotopic hydrogen, e^. , d 2 , is formed, due to 
the weak S-character of the electronic wavef unctions 
Further, formation of hydrogen-isotope gas in the lattice 
has not been observed. 

The metal should be a solid form, jUe. , in the form 
of a solid rod, sheet, or the like, when the lattice is 
to be charged by electrolysis, as described in Section IB 
below. Alternatively, the metal may be in thin-film 
form, as described in Section IE below, or in powdered or 
small particle form, such as when the lattice is to be 
charged by heating in the presence of metal hydrides as 
described in Section ID. The anode should be uniformly 
spaced from the cathode in any of these configurations in 
order to achieve uniform charging. 
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B. Electrolytic Compression 

Figure 1-2 shows an electrolytic cell or system 10 
for electrolytically charging a metal lattice with 
isotopic hydrogen atoms. As defined herein, "charging" 
means concentrating isotopic hydrogen atoms into a metal 
lattice. The charging process is also described as 
"compressing" isotopic hydrogen atoms into the lattice or 
accumulating said atoms therein. As will be seen, the 
charging or concentrating process must be capable of 
concentrating isotopic hydrogen atoms into the lattice to 
a concentration significantly above the concentration of 
the hydrogen atoms in a metal hydride equilibrated at 
standard pressure (1 Bar at 273°K) . 

In the electrolytic charging process illustrated in 
Figure 1-2, "an. aqueous solution of isotopic hydrogen 
water is electrolytically decomposed to form isotopic 
hydrogen atoms, including (designated 1 1 H, or H) , 
deuterium atoms (designated 2 H or 2 D* or D) , and tritium 
atoms (designated 3 X H or 3 T or T) , and preferably 
deuterium alone or in combination with ordinary hydrogen 
and/or tritium. The invention also contemplates loading 
of lithium atoms into the lattice, either alone or 
preferably in combination with isotopic hydrogen atoms, 
to achieve nuclear fusion reactions involving lithium 
nuclei, such as neutron interactions with lithium nuclei 
within the lattice to produce tritium. Suitable sources 
of lithium for charging are given below. 

The component which is decomposed to produce the 
isotopic hydrogen atoms is also referred to herein as the 
isotopic hydrogen atom source. One preferred source is 
an electrolyte solution of deuterated water, or an 
electrolyte solution of deuterated water containing 
ordinary water and/or tritiated water, containing an 
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cathode, to prevent reaction of surface bound isotopic 
■ hydrogen atoms with isotopic water, to form molecular 
isotopic hydrogen gas. a variety of compounds which are 

effective to inhibit the catalvfin * • 

catalvtlc formation of molecular 
hydrogen on a metal surface are well known. These 
include a number of sulfur-containing compounds, such 
thiourea or hydrogen sulfide, as well as cyanide salt 
and the like and are added to the fluid in amounts 
effective to preferentially inhibit molecular gas 
formation on the lattice surface during electrolysis. 
Concentrations of catalytic poisons which are effective 
m electrolyte solutions are known. Components to 
enhance electrolytic activity such as lithium sulfate may 
also be added. 

The system may further include a non-submerged 
heating or catalytic element (not shown) which can be 
heated to promote catalytic recombination of molecular 
isotopic hydrogen, such as D 2 (formed at the cathode) and 
0 2 (formed at the anode) to regenerate isotopic water. 
It is additionally possible to have a submerged catalytic 
anode to serve this same purpose, particularly when the 
system is infused with deuterium gas (D 2 ) . 

As shown in Figure 1-2, the aqueous source of 
isotopic hydrogen is in a container 14,. which is 
preferably sealed, to recapture material, such as ' 
molecular isotopic hydrogen, which may be generated 

during electrolysis. The rat-h^« ~»- 

1 x^. me cathode or negative electrode 

in the system is formed by a metal red 16 whose lattice 
is to be charged with isotopic hydrogen atoms As 
indicated above, the cathode may be a block in the forn 
of a plate, rod, tube, rolled or planar sheet, or the ' 
like, or an electrode having a thin-fil* metal lattice 
as detailed in Section ID. As win be appreciated below 
the shape and volume of the cathode will determine the ' 
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amount of heat which can be generatea t 
given electrical potential. 

The anode or positive electrode 18 in the system 

such as helical „ lre 18 which encirdes the metal rod 1 
as shown. The anode configuration shown in the f igure s 

n P L C e Id"" 3 rSlatiVely Uni — — -^T 
in the rod during the electrolytic charging operation. 

The anode may be any suitable cpnductor, such as 
platinum ni c k ei, or carbon, which itself does not react 
with the Uquid components in the container to produce 
undesired reactions. produce 

A charge-generator source 2 0 in the system is 
connected conventionally to electrodes for producing the 
desid electrolytic decomposition. The source may be a 

- "It"? ^"^ ^ ^ « 
alternatively, an intermittent or pulsed o.c. charge or 

current source. 

The source typically is set to produce a current 
tensity of at least about x mW cathode surface area. 

mis minimum current lovei u 

^ . el ma y be required to achieve tho 

IT 'T ehenical potential ° f ^rZl 

t°ms ln the meta! lattice. Pra . arr . d currents J 
between about 2 and 2 „oo mW. although 

currents may be used and may act,al ly be preferable for 
arger cathodes or with ^ £ <« 

fluids. For example, current ievels D f „n 

10.000 ^ or higher might be Zl^"^ " 

applications. I£ the current is set too high, however 

the dxHu.xon rate of isotopic hydrogen atom* into the 

-tai lattice may beco.e rate Siting, biasing 

syste touards forMtion Qf moiecuiar 

Which lowers the efficiency of heat generation in thl 
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system. A stepwise electrolyte charging of the cathode, 
as illustrated in subsequent Sections, may be useful in 
avoiding the rate limiting effect particularly at 
increased current densities. 

In a charging operation to accumulate isotopic 
hydrogen atoms, the source fluid is placed into the 
container 14 to a level which submerges the electrodes, 
and the charge-generating source is initiated by being 
set to a desirable current level. The total required run 
time for a metal lattice of known dimensions can be 
generally determined from the above diffusion coefficient 
of about 10~ 7 cm" 2 for hydrogen and isotopic hydrogen in 
the metal. Typically, for a metal rod whose diameter is 
in the mm range, run times of from several hours to 
several days may be required to reach the desired 
chemical potentials. For rods whose diameters are in the 
cm range, run times of up to several months or longer may 
be required. An example for charging is to charge a 
cathode at a relatively low current level of about 64 
mA/cm 2 for about 5 diffusional relaxation times and then 
to increase the current to a level of 128, 256, 512 
mA/cm 2 or higher in order to facilitate the heat 
generating events as is suggested by Table A6-1 in 
Section III. It has been found that the charging time 
(which varies at different cathode temperatures) 
generally follows the equation: 

time = 5 (radius) 2 

diffusion coef f ic ient 

Thus, for a 0.2 cm radius palladium rod, the time needed 
for sufficient charging to initiate heat generation is: 
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= 5(0.2 r.n) 2 

10"' cm* sec' 1 

= 20 days 

The charging of the metal, ^ , electrolytic 
compression of isotopic hydrogen in the metal lattice is 
earned out to a f inal chemical potential or isotop c 
hydrogen m the metal, due to accumuiation/compression of 
isotop.c hydrogen nuclei in the lattice, which is 

^£ e V° Pr ° dUCe 8 dSSired 1SVel ° £ -"-generating 
events within the metal lattice, as evidenced both by the 

amount and duration of heat generated within the lattice 
and, where the isotopic hydrogen is deuterium, by the 

a"!" nUCle " — ™" ~* « -rons 

Preferably the metal is charged to a chemical 

potest 'I " le3St ab ° Ut °' 5 SV ab ° Ve th * *«ic.l 
potential of metal hydride equilibrated at standard 

pressure (l bar at 27 3 - K, i^. without en 
spec lfl cally, the chemical potential of the cLrged 
cathode metal is determined against a reference !ire of 
the same «tal, M . , paUadiu^hl^r^ charged " 

tnen allowed to equilibrate at stanH;,-^ ~ 
t*. • standard pressure fl ban 

It i. estimated that the reference w ire contains ou ' ' 
0.6 atoms of ectopic hydrogen p. f metal atom 
equilibrium. The chemical potential i« * * 

the voltage potential measu ed e \ I 

i-v. , Gen the charqed met-*! 

cathode and the equilibrated reference wire. it wil b 
recognised by those 3*11^^ art that ^ ^ > 
potent a! expressed i„ electron volts (ev, is generally 
equivalent to the measured voltage potential; I . a 
measured 0.5V generally translates to a 0.5 epical 
potential . It win also be recognized that the c em c 1 
pot.„ti.l required to produce heat-generating even" 2 y 

OMDOTmrrr orrrr-T 



-25- 



depend on the metal being charged. Therefore, some 
metals, e^g. , zirconium, may produce such events at 
different, perhaps lower, chemical potentials. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the system 
described above will be considered with respect to an 
alkaline solution of heavy water as a deuterium source. 
Below are shown the four reaction steps which must be 
considered when D 2 0 is reduced at the cathode: 

D 2 0 + e - D ads + od- (i) 

D ads + D 2° + e " - D 2 + °D" (ii) 

D ads ~* D lattice (iii) 

D ads + D ads - D 2 ( iv) 

where D ads indicates adsorbed deuterium atoms, and D 

. . . lattice 

indicates deuterium diffused into the lattice. 

At potentials more negative than +50 mV (referenced 
to a reversible hydrogen electrode) with the Pd-D lattice 
is in the beta (ft) phase, deuterium is in the form of 
isotopic protons and is highly mobile. 

The overall reaction path of D 2 evolution consists 
dominantly of steps (i) and (ii) so that the chemical 
potential of dissolved D + is normally determined by the 
relative rates of these two steps. The establishment of 
negative overpotentials on the outgoing interface of some 
metal electrodes for hydrogen discharge at the ongoing 
interface (determined by the balance of all the steps (i) 
to (iv)) demonstrates that the chemical potential can be 
raised to high values; chemical potentials as high as 0.8 
eV can be achieved using palladium diffusion tubes (2.0 
eV or higher may be achievable) . 



niinOTITIi-pr- n > , r--- 



electrodes. The electrodes may be any suitable electrode 
material. Preferably, the anode is platinum or carbon, 
and the cathode is palladium. The charge-generator, 
source is designed to produce a current between the 
electrodes of preferably between about 2 and 2000 mA/cm 2 
(total area of the membranes), as above. 

A series of limiter circuits, such as circuit 46, 
one for each pair of membranes, such as membranes 28, 30, 
function during operation of the cell to equalize the 
currents in adjacent compartments, for a purpose to be 
described. Such limiter circuits are known in bipolar 
cell stack electrolytic cell circuits. 

In operation, each compartment is filled, with the 
source fluid, such as lithium deuteroxide (LiOD) and 
ordinary water in D 2 0, and the current in the cell is 
adjusted to a suitable level. As indicated in the • 
Figure, the voltage potential across the anode and 
cathode is distributed, in a series configuration, across 
each membrane, so that the left side of each membrane is 
negatively, charged with respect to the immediately 
confronting anode or membrane surface, and the right side 
of each membrane is positively charged with respect to 
the immediately confronting membrane surface or cathode. 
Thus each compartment functions as an electrolytic cell 
in which the solvent source of isotopic hydrogens is 
electrolytically decomposed at one membrane surface to 
form isotopic hydrogen atoms which can then diffuse into 
that membrane. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the stacked- 
cell system will be considered, as in the Figure 1-2 
electrolytic cell, with respect to an alkaline solution 
of heavy water as a deuterium source, and the four 
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reactions which can contribute to D co 

membranes: D com Pression in tht 



D_0 + e~ - n 
2 D ads + OD 



(i) 



D - +D -.-° 2 (i v, 



Reaction (i) occurs at 

; emb " ne in ««* -parent, ,iv n 9 r le"! """"^ 
'»> ^ (iv) in the m L Sod- rea " i0nS 

compartment. Because n specxes in the 

as freely mobile nucle/Th" pre <"»"i"antly 
into an, throu gh the ^Z n l\ZlT * " 

Oj.. to the right i„ tne f ^ C " h0de in the 

<Ww atoms reach t t l ' the 

action (iii, in the ev " « the 

which can then rea , Erection produces D „ 

cnen react with the OD" f„™ ^ . " d * 

to compartment. Altern,M f ln the ni 3«ted- 

fliternatively, the D 

ln the c °»Partment, via reaction , J" t * , 

the compartment. The charai ' ' t0 f ° rn D 2 9" in 

•» «* the plates are ^"L^T " ™» 

e ,u a iLVtt lc :: r e r d e ;r;: e r; iiait - - - . 

^ l in each ^ ~ 

appreciated that by maintain Xt Can te 

y ma intaining the nirm^ • 

compartment substantially equa > ~k Snt ln ea ch 

in one compartment and drawn t.^ojqh °' °"' 

the right-adjacent compartment wi Ub me " brane int ° 
equal to the amount of OD" formed ln th 

compartment. This minimizes the f " "^"a^cent 

in the compartments, i^., ma^^if " ° f D 2 *»»- 
bY r " Cti0n ° f D - "" OD- at t h ;membrane! rmaU ° n ^ 



One advantage of the stacked plate arrangement just 
described is that the amount of o 2 and D 2 formed in the 
system is minimized since 0 2 formation is substantially 
limited to compartment 34 and D, formation is likewise 
minimized by recombining with OD" in each compartment. 
That is, the total chemical potential in the system, 
which is the sum of the individual chemical potentials of 
each membrane, per amount of molecular gas formed by 
electrolysis, is increased. The efficiency of the system 
is increased accordingly, and problems of recycling 
molecular gas are reduced. 

The stacked plate configuration also allows for a 
rather dense packing of charged plates, without the very 
long diffusion times which would be required to fully 
charge a solid block. The dense packing of charged 
plates, in turn, will result in a much higher neutron 
beam flux, as measured, for example, at the right side of 
the cell, since a large percentage of neutrons ejected 
from each internal plate will pass through the entire 
series of plates in the cell. 

c > Chargin g with Metal Hy driripc 

Figure 1-4 illustrates schematically an alternative 
system, indicated generally at 50, for compressing 
isotopic hydrogen atoms into a metal lattice, in 
accordance with the invention. 

The metal to be charged in this system is in the 
form of an intimate mixture of the metal and a metal 
isotopic hydride, such as a fused metal isotopic hydride 
salt, or a mixture of a fused metal salt and a metal 
hydride, which provides the source of isotopic hydrogen 
atoms. Exemplary fused metal hydrides include Li/Na/K/D 
(deuteride) , and related hydrides such as Li/Na/D. 
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Exemplary mixtures of fused ^rv^ 1 ' 
-ixtur.. ot Li/Na/K/C l and \ Tl™T SUteCtiC 
-h as L1/K/C1 and LiD or Kao'o " , 6 ^ r l^"' 

1 NaT, LiH or NaT. 

The intimate mixture', which „ 

at 52 in Figure 1-4 is f ' V Sh ° Wn in P el ^t form 

such as particles 54, vi^/T Mt ' 1 

Elating the mixture^ ^ 

to Xnown pelleti 2ing methods . f °™< -cording 

hydride salts is calculated t- " etal t0 

excess of isotonic h h P"vid. -a severalfold 

fixture. ' hydr ° 9en t0 metal "to*, in the 

The mixture is c- , n ^v- ^ 

te mPer a ture belo ; h : a at a suitawe 

according to known sLl P ° lnt ° f 

56 injure x-r glves " etn ° dS - A .l~.nt 

n ix t u r e. After s l::^;: : h oue h d heatin * ° f «>• 

sintered material may be furth' k neCeSS «^ the 
electronically to \ " rther char ^ ed . S^- , 

ai«u Si on of hydroj ^ L t ooe itl0nS WhlCh Pr0m ° te 

s -ce lnto the u^^r ^n^r;::: 6 ?^ the 

specifically, the heat source is 1" tlCleS ' Hore 

energetic shoe, wave sum! - !' 9 "° Pr ° Vi< " ™ 
atoms into the metai, to a f in ", " ""^ h >' dro ^n 
least about 0.5 ev, within . • " P ° tenti *l of at 

iess. " 3 Period ^ about a H sec or 



Devices for focusina hi 
materials may folloWf f J ^ b — onto pelleted 

exan, Ple, beam technology 
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developed in connection with inertiafconf inement of 
high-temperature plasmas. 

bv " Ui " ^ '">««*«•<« that the metal lattice formed 
by the sintering method can be prepared to contain 
selected mole ratios of isotopic hydrogens atoms, such 
selected levels of deuterium and tritium atoms. 



as 
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Figures 1-5 and 1-6 illustrate two types. of thin- 
film metal lattice composite electrodes designed to 
support more controllable fusion reactions, in accordance 
with another aspect of the invention. The electrode 41 
Illustrated in Figure 1-5 is produced by forming a metal 
lattice thin-film 43 on an electrode substrate 45 such 
as carbon ' 



In one embodiment, the substrate 4 5 may be an 
"inactive" material which itself cannot be charged with 
isotopic hydrogen atoms to a level which supports nuclear 

fusion events. 

Alternatively, the substrate 45 may be a material 
capable of supporting fusion. reactions when charged with 
isotopic hydrogen atoms, as above. One advantage of this 
configuration is that the surface properties of the 
substrate material can be largely masked in such a 
composite structure. For example, the substrate 45 may 
be a platinum metal lattice which is coated with a thin 
palladium film 43. Here the palladia, is effective both 
to promote surface adsorption and diffusion of isotopic 

hydrogen atoms into the electrode fi^ 4 t anr , - 

. i-L-m 4 j, and to prevent 

catalytic formation of hydrogen aaq f h , «. • 

/wiuyen gas at the platinum 

interface 44. 
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hy^cgen, to produce * e ° ha ^ d isotopic 

substrate material ! 9ene «ti ng reactions, the 
because of its e ^ of ^ ^ WMCh ' eith « 

catalytic properties lmPUrlti « " surface 

properties, cannot by itsoif k„ 
electrolytically wl y itself be readily charged 

-bstrate metaXs ^rT;""' 16 

^««.. os» iura , nlc c p : ium - rhodiura - 

titanium, platinum „ . 3lt ' lron - zirconium, 
Unwise the th n ;-r iU "' all ° yS the "«- 

support energy tlrr: 1 f""'^ 
sheeted chemical ^".T T" 9 rSaCti ° nS ' " a 
allow the metal to be charl 

"1- "etals include those 1 ' ^ thi "' 
— ing P al ladiure , ^^^^^ 
nickel, cobalt, iron 2l ^„ ruthe nium, indium, osmium, 
— ys thereof mos ' p -fnium, and 

-thenium, iridium, and ^"fuT AU "' 

thih-fiL'detsL'Li 3 : b : r rned by a variety - ^ 

evaporation and h SpUtt «ing. 

- de positi;int:;::: — - 

of between about 50-500 A in th - ! P " dUCe a 

"1- »ay be suitable CkMSS ' alth ° u * thicker 

In one thin-fUm „, etnod deDosi „. 
°ut in a closed chamber by DC .," d = PO " tlon ls carried 

sputtering, at a selected ores " ' Pl "» 

xtiL ' cea Pressure of i<=^+-~ * 
gas. The gas pressure in th* k ls °topi C hydrogen 

isotopic hydrogen atoms^tT " ^ -ected 
-ample, the sputtering may be ™ la " 1Ce - F - 

deuterium/tritium atmosphere to " ^ 3 
a desired concentration of ; ' . S " the lattic e with 

of isotopic hydrogen. 
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The composite electrode may be employed in an 
e ectrolytic c.U, such as described above, in placa o£ 

r -tax lrttlc . cathode . Here the thin _ fiiin 

is charged electrocnemically to a chemical potential 
sufficient to promote a fusion reaction, as above 
preferably with continued SUppl y of electrolytic current 

subset adV3ntage ° £ thln " filn —"trod., where the 

substrate is inactive, is the greater control over heat 
products which is possible, since the thin fUm which 
supports fusion reactions can be charged relatively 
quicUy to a desired level, a „d the reaction will be 
expended relatively quickly after charging. Also, heat 
dissipation fro. the thin film can be more accurately 
controlled by fluid flow in contact with the film, f „ 
example, through the substrate. 

Figure 1-6 shows a tubular electrode 47 produced by 
forming a thin metal-lattice film 49 on a suitable 
tubular substrate „. The substrate may be an inactive 

--substrate, SU=h aS 3 carb °" rod, or alteri^IveTy-^y 

itself be formed of a material having a lattice capable 
of supporting fusion reactions when charged with isotopic 
hydrogen atoms, as above. 

In still another embodiment, the substrate 5! may be 
a material, such as_tungste„, which is effective to 
absorb gamma rays or other radiation produced in the 
thin-film, with the production of heat. m this 
embodiment, the energy produced by reac;lop ^ 

llm 49 can be dissipated both by internal and external 
fluid flow. 

in still another embodiment, the substrate may be a 
selected material whose atoms can be transmuted by 
bombardment with high energy gam™ rays, neutrons, a or p 
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Particles produced by the r- oa - • ^ 

<«-. sue . subs j t ;: a e r^rT ts in the ^ . 

Produce selected metal isotopes or t 7 e ™ Ple ' ^ 
such as , semiconductor J s « to dope . substrate , 
ectopic dopants. Wlth selected »«tal 
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lu ° n rpTTr r i nil . " 

In acc^^^f*^ 1 ^^ 
invention, the apparatus ln *" ° f «» Present 

charged metal lattice nean = *or siting the 

ThS "^ino -~n. may inelud I" ener9y " yS « P^tides. 
(a) incorporation of • 

Which become ^ "°" 

neutrons) into ?" 1S ° t0pi0 U P°" "Pturing 

<» -orpor t lon ° 7^ 

(c) 



(d) 



fluid source of i<= . ™ uupic at °™s L 
fn „ ° f ls °topi c hydrogen- 

formation of a thin metal lattL 
radioisotopic substrate; °" * 

incorporation of a ■ 

— lattice sLtrat; iSOt ° PiC ^ fil » °" * 
Placement of a sol in u 

p« t i= le -it^r^^r" ray ° r 

"ithin the core of the lattice " 
«> aeration of neutrons in the atti=e 

"corporation of b e rylliM or u,.^' . 
lattice, and/or the a . u L t r£ the 

aeration of .-particles in the latt 
-corporation of boron cr the H k e " 
lattice and/or the a dj ace~ subst 7 ° 
bombardment of the c*l tQ .7 ' °' 
•"«9y P art icl e source or accel " ' 3 ^ 
a neutron or positron source or ^ " 

deuteron accelerator. ' Pr ° t0n or 

In one embodiment, the l att 

; °Co, >° Sr io«" 'f' COntain = radioacti. 



(g) 



(h) 



atoms, such as 6 < ,_■„. io«. ... — - -»™c,» e 
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boro ". which ~" " hen b ° nba ™ed With , Which 

th — 1 CM „' lrt » '"««es or 

„ lth n h S : can e ; it h n e " b ° nbarded 

-utrons, p ro tons d " U b °* b ^< with h "„ a "° th « 

This section 
at tice structure C h ar / bel ^ved to occur ■ 

'u ttA/cnr ies between 

The deutprin en about n o 

to sheet ann ^ eutG ri U rn atoms wero 8 and 

strode a» • v ii:n resnerf *- 
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(1) Calorimetric measurements of >,==,<- u , 
low current densities «1 6mA -2, Glances at 

Matthey PLC^u *"» J °>" 

countel-eL r d r ° U H nded ^ 3 ^ Plati ™" Sh *- 
trode. "easurements were cai-H.j .. • 

Dewar ceHs maintained in a lara» ! 

water bath poo'K) th . 9 instant temperature 

ot the water bath b e '"f"'"" insid * the cell and 

thermometers xL h ^ ' Wlth BeCk ™ nn 

°ewar celled Z£?£Z ^ ° f ^ 

cooling losses were det °' NeWt ° n,S Uw ° f 

* blowing thltoanT::::^ ^ ~ 

CensitL w^rt::::; rae t a ~- - current ■ 

were carried out using 1 2 x 
x 10 cm long rods r„M- • „ ^ i, 2, and 4 nun diameter 
surrounded ^T^t^T «he y , PLC) 

.i« v^r e uiir^rr ° t n h a cage ° f 

heaters ter determination o f I^Z,"?™^™ 
losses; temperatures Pooling 
thermistors stlrrin ^ " lib "^ 

listed under if «. „•" eXperlnents ^ - those 

uex X J was achieved hv . 

electronically generated Dj " 1' ™?"* ^ 

" has been con.irmed that t e r e . ^^^^^ 

to the cells reauirp. «. • addition of d 2 o 

-reguired UK^ ^ * 

» -near a y ba lancld , ; y ( ;; e ' r ;:: t ;::: 



40D- - .2D 2 0 + 0 2 + 4e" 



(v) 



-eir^r:;:^^:: — ~ 

Platinum-anoae shows , hat J"^^ ^"T ■ 
the dominant process, i e it • « 
mating is close to thaTreg r I ""tT ^ ^ 

is controls by processes i, ' th « «"««U reaction 

' (ii) , and (iv) . with 
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this assumption, it has been found that the calorimetric 
experiments using the large sheet Pd-cathode, the 
Newton., law of cooling almost exactly balances the rate 
of 3 oule heating (after prolonged electrolysis to 
saturate the metal lattice), when the metal is charged at 
a current density of about 0.8 mA/cm 2 



cm" 2 



At higher current densities of 1-2mA cm - 2 and ^ 
excess enthalpy generation of > 9 % and >25% of the 
rate of joule heating was observed (thes* values aafce an 
allowance of about 4% for the fact that D 2 and 0 
evolution takes place fro, 0.1M LiOD rather than\ 0 

reoTd' .^ iS . eXCeSS enthal Py Production was found to be 
reproduc lble ln three sets of long ter» 

Table t - A below shows the lattice heating effects 
whrch were seen with a variety of cathode geometries 
««. and current densities. The excess specific belting 
rate was calculated as the amount of heat produced less 
the Joule-heat input used in charging the electrode. The 
Joule-heat input j. also referred to herein as the Joule- 
heat equivalent, was determined by the equation: 

J - I (V-i.54 volts) 

where I is the cell current, V, the voitage across the 
electrodes, and i. M volts is the voltage at which 
reactions (i,, and (iy) balanced bv ^ 

are thermoneutral , i^. , tne voltage . Jnere ^ ^ 
nexther absorbs nor gives out heat. The excess specific 
Rvalues are expressed as, excess specific heat rate in 
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Electrode 



TABLEi-a 



5Ty D e Electrode 

ype Dimen^i Curren 



rod 


• lxiOcm 


rod 


rod 


•lxiocm 


• lxiocm 


rod 


•2xi0cm 


rod 


rod 


• 2xi0cm 




• 2xi0cm 


rod 


• 4xi0cm 


rod 


rod 


•4xl0cm 




•4x10cm 


sheet 


. 2x8x8cm 


sheet 


sheet 


• 2x8x8cm 


• 2x8x8cm 


cube 






1 cm 3 



tensions ™J Excess 

' Specific . 

Heat Rate 

.fwattyrrm 3 ) 

8 

64 ' 09 5 



512 
8 

64 
512 

8 

64 



1. 01 
8.33 

.115 
1.57 
9.61 

. 122 



512 1 * 39 

21.4 



. 8 
1.2 
1. 6 

125 



0 

• 0021 
. 0061 

overheating 



The parameters which affect enth.i • w 
production in th* „ enthalp lc heat 

ln the ^pressed lattice anfl ,k 
magnitude of the effects r u natUre and 

- llowing observations 0 -;:^z : ron the 
« q u ired to c har9e th . i.t" c rr„r uie heat - equivai -t 

in a charged condition) is „ V " aintai " the 
applied current density (i "P"nd,nt on the 

the chemical potential, vf'.L "" snitu<, « <* th. shift in 
Of the electrode,, J. to the volume 

in the bulk of the Pd-eiectrodes ' 

(b) enthalpy generation can 

the palladium electrode- thi. • " Watts / C » 3 of 

' this is maintained for 



j \ 

\ 

experiment times in excess of 120 hours during which 

typically heat in excess of 4 mW of electrode volume 
was liberated. 



(c) excess heat substantially in excess of 

breakeven can be achieved Tn <■»„.. 

In fact < it can be seen that 
reasonable projections to 1000% can be Bade. 

(d) the effects have been determined using 0,0 with 
small amounts (0.5-5%, ordinary water. Projection to the 
use of appropriate Dj o/.dto/t 2 o mixtures (as is commonly 
done in fusion research, might therefore be expected to 
y^eld thermal excesses in the range 10' - 10'% (even in 
the absence of spin polarization, with enthalpy releases 
in excess of 10 *w/cm'. lt is repo rted here that under 
the conditions of the last experiment reported in the 
table, using 0,0 alone, a substantial portion of the 
cathode fused (melting point 1554', , indicating that very 
high reaction temperatures can be achieved. 

One possible explanation for the generation of 
excess enthalpic heat seen in the charged lattice would 
invoive reactions between compressed nuclei within the 
lattice. As noted above, isotopic hydrogen nuclei 
dissolved in a metal lattice in accordance with the 
invention are highly compressed and mobile! In spite „ f 
this high compression, molecular isotopic hydrogen i e 
D 2 is not formed, due to the low S-electron characterTf ' 

the electronic wavef unctions Th. i 

acns ' The lcw-s character, 
however, combined with the hinh ™ m 

~ tu Jt nigh expression and mobility 

ot the dissolved species snnr,^*- „ ^ 

_ V ^es, suggests the possibility for a 

significant number of close rnin.; 

Iose collisions between the 
dissolved nuclei. it iq +-h<=>-^^ 

13 there fore plausible to consider 
that some of these collisions n »-«,■». 

uxxisions produce reactions between 
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nuclei. Three possible reactions, among others, which 
may occur in the case of deuterium isotopic hydrogen are 

2 D + 2 D - 3 T(1.01MeV) + H(3.02MeV) ( v i) 
2 D + 2 D - 3 He(0.82MeV) + n(2.45MeV) (v ii) 
D + D - 4 He + gamma (24 MeV) (viii) 

These reactions would be readily detected by the 
production of tritium (T) , and generation of high energy 
neutrons (n) and gamma rays. 

The rate of production/accumulation of tritium (T) 
was measured using cells (test tubes sealed with 
Parafilm) containing 1mm diameter x 10cm palladium rod 
electrodes. One mL samples of the electrolyte were 
withdrawn at 2 day intervals, neutralized with potassium 
hydrogen phthalate, and the T-content was determined 
using Ready-Gel liquid scintillation cocktail and a 
Beckmann LS5000TD counting system. The counting 
efficiency was determined to be approximately 45% using 
standard samples of T-containing solutions. 

In these experiments, standard additions of imL of 
the electrolyte were made following sampling. Losses of 
D 2 0 due to electrolysis in these and all the other 
experiments recorded here were made up using D 2 o alone 
A record of the volume of D 2 0 additions was made for all 
the experiments. m all of the experiments, all 
connections were sealed. 

The tritium measurements shew that DTO accumulates 
in the charged palladium cells to the extent of about 100 
dpm/ml of electrolyte; Figure l- 3 , which shows the p- 
decay scintillation spectrum of a typical sample, 
demonstrates that the species is indeed tritiv 
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G * Applicat ion: Electrical r,enerstnr 

Figure 1-9 is a schematic view of electrical 
generator apparatus 32 constructed according to one 
embodiment of the invention. The apparatus generally 
includes a reactor 34 which generates heat in accordance 
with the principles of the invention, and a generator 36 
which transforms heat produced in the reactor to 
electricity. The embodiment illustrated employs 
electrolytic compression of isotopic hydrogen atoms from 
an aqueous medium to charge a metal cathode. 

Reactor 34 includes a reactor chamber 37 enclosed in 
a shield 38 which provides neutrons shielding. Where as 
here, the source of isotopic hydrogen atoms is an aqueous 
medium, the chamber is preferably designed for high 
pressure operation to allow fluid temperatures in the 
reactor substantially above 100 °C. 

The reactor chamber houses one or more cathode metal 
rods, such as rod 40, which serve as the metal lattice t 
be charged with isotopic hydrogen atoms, in accordance 
with the principles of the invention, and which theref 
have the properties discussed above which allow 
compression or accumulation of isotopic hydrogen atoms in 
the metal lattice. Although a single metal rod would be 
suitable for a relatively small-spale reactor, where the 
rods are several cm or larger in diameter, a plurality of 
rods xs preferred, due to the long periods which would be 
required for diffusion into a large-diameter rod. 
Alternatively, the cathode may be a sheet in a pleated or 
spiral form. An anode 41 is f orm ed on the outer chamber 
surface, as shown. 

The reactor chamber is filled with the source of 
isotopic hydrogen atoms, such as LiOD in deuterated 
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aetel particles, as described herein. The resulting 
rapidly heated particle maes aould be coaled, for 
example, by circulating lithium or tha Ilka, according to 
known reactor designs. 

Fron tha foregoing, it aan be eppraaiated hov the 
ganarator apparatus meets various objaata of tha 
invention. Tha apparatus utilisae deuterium, a virtually 
inexhaustible aourca of en«rgy, to produca heat, and tha 
product* of tha raaction — tritiua and presumably 
isotopes of Ha — are either short-lived (tritiua) or 
relatively benign (helium) . Further, the apparatus can 
be constructed on a email eoala, suitable, for example, 
for a portable generator. 

H. Rtiactfpr Produgyj Rueowrv 

The heat-generating reactiona which occur in a metal 
lattice charged with deuterium can be characterized by 
tritiua production. . Tritium can be formed in the reactor 
either aa tritiated heavy water (DM) or, by elactrolyaia 
of Dto, aa tritiatad deuterium gaa (DT) . Where the 
reactor aouroa alto contains ordinary water, additional 
tritiatad speoiea HTO and HT gas may also be formed. 
Sinoa the amount of tritium in the reactor will build up 
over time, the reaotor is preferably provided with an 
extraction ayetam for removing tritium and maintaining 
the tritium levels in the reactor within F-o«elected 
levela. 



figure 1-10 is a seheaatio view of an extraction 
ayatea 160 daaignad for removing tritium from both 
reactor water and gas generated within the reactor. The 
ayatam ia daaignad to carry out two eeparata processes t 
one which transfers tritiua in the reactor source to 
deuterium or hydrogen gai , and the eecond to separated 



The catalytic exchange of trin 
a vapor-phase or liauid „ w "iun ls carried out in 

indicated general ly at 162 t catalytic bed, 

V/DW or H 2 0 / C„0 / D 2 0 / 0T0 / „ T0 n fr o h m e the qUid " PhaSe " eth0d - 
supplied through a conduit 16. „ r " Ct0r " U is 

the cell to the cataly tlc bed " 

The water fron, the reactor cell i„ h 
contact with a deuteriu n gas stre!" ' ' " dl " Ct 

circulation through the old The d " """^"-"t 
-* «>. supplied fro ra a gas-distiLt " *" 

i- -e d . as descried b el ow , £ C ° 1U »" »« 

countercurrent flow over ^ trit "» separation. The 

reaction: Catal V"c bed p rom otes the 



DTO +D catalyst „ 

2 ► D 2 0 + DT. 



The water, which ls no „ 

to the reactor eel! through a tube lM T f' " 
operation of liouirf „k h<? design and 

stable for u e n the C " alytiC 
described in p ri0 " " b -" 

Prxor pubUcations and are well Known in the 

Livei y/ the catalvt^V h^h 
"^id-Phase counter-current ope"-,- on 
kn °™ m « h ° d s. Here the water f-l^Z T^"" 9 to 
vaporized and superheated - h ' is tir " 

hydrophobic catalytic bea't ^ ^ ^ 
deuter lun gas stre I IfteTth ^ 
gaseous stream i« ^ ^ exchange reaction, the 

' C ° ndenSed and to the reactor. 



The gas stream coming out of the .exen'ange bed is 
dried and purified, and passed through a tube 170 to 
cryogenic distillation column 166, through a pump 161 
The column contains sulzer packing, and is cooled with 
liquid helium from an auxiliary liquid helium circuit 
170, Distillation is carried out at about 1.5 bar. The 
D 2 which is concentrated at the top of the column, and 
which is partially stripped of tritium, is supplied to 
the catalytic bed through a conduit 174, as indicated. 

The heavier isotonic hydrogen gases in the column, 
i.e., DT and T 2 , are circulated to a second distillation 
column 179 packed with dixon rings, and cooled by a 
liquid helium circuit 178. The DT which concentrates at 
the upper portion of the column may be cycled through a 
converter 180, to obtain T 2 , according to the reaction: 

2 DT - T 2 + D 2 . 

This material is separated in the column to produce 
D 2 and DT at the upper end of the column and T 2 at the 
lower end. The T 2 is withdrawn periodically, and stored 
either in a gas container, such as container 182, or as a 
metal tritide. The system is capable of separating 
tritium to about 98 mole percent puritv. 

It will be appreciated that where the reactor water 
contains ordinary water, H, and DH isotonic gas will also 
be formed both in the reactor and by catalytic exchange 
with D 2 . This gas may be separated fron D 2 , DT and - i n 
the cryogenic distillation columns, and easily disposed 
of, e.g., by combustion with 0 

The above described system is des lqn ed to remove 
tritium from the reactor water. As noted above, the 



mmm sheet 



I 

°T fcn.ec by electrolv i \ hydr ° 9en ' °= ««• 

containing tri lated h d£COmp ° si "°" of heavy wa er 
^ vitiated heavy watpr tu • 

reconverted to water- k S gas ma y *>e 

"-or, as noted above C " alytiC "^"^ "^n the 

Alternatively, or in addition *h • 

^Lrr::::: rv— 9ases 

- it;: ~rj;Lr th : ~ 

astern, „Ith sep^tldT h." ^ ^ COlU, ° n disti "«ion 
- tritiJ eJa n ^ ^ ^ * *» «^lc 
generating Dj and T „ as above ^ ° T 

The heat-generating of the invention are met. 

«- «acjr ;:ie w h ithin the metai „ f 

utilized as a so,,. trit1 ™' whlch "seif can be 

*«. typ.. a a r; ls o r top ; c * . - tor of 

^can also be readily icni.f ^ . 
other p urposes , such ^ -o «e d ln pure fora . 

diagnostic uses. medical and 

Referent f-v_-i „ T , T 

i (incorporated by Reference,: 

1- "Technology Assessment Report on St , 

and international Quest for r, Star P°« e ^ The 

congress, office of ^l^™™**''™" ' " 
Congress. assessment, looth 
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2. Mueller, J.P., et al. , "Metal Hydrides", Academic 
Press, NY (1968) . 



3. Ron, M., et al. , eds. "Metal Hydrides 1984, Vols. I 
and II, Elsevier, NY (1985). 

4. Veziroglu, T. N. f ed. , "Metal-Hydrogen Systems", 
Pergamon Press, NY (1982). 

5. Dandapani, B. , and Fleischmann, M. , J. Electroanal. 
Chem. , 39:323 (1972) . 

6. Bambakadis, G. , ed. , "Metal Hydrides", Plenum Press, 
(1981). 
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Neutron Cpn^ ration and Applications 

According to 'one aspect of the invention, it has 
been discovered that isotopic hydrogen atoms, such as 
deuterium atoms, when diffused into the lattice of metals 
which are capable of dissolving hydrogen, can achieve a 
compression and mobility in the lattice which is 
sufficient to produce neutron-generating events. The 
neutron-generating events are also characterized by 
extra-enthalpic heat generation; that is, the amount of 
heat generated in the lattice is substantially greater 
than the joule-heat equivalent used tc charge the lattice 
to a chemical potential at which the neutron-generating 
events occur. Section I, as previously noted, describes 
materials and conditions suitable for achieving the 
required conditions for the neutron-generation events 
within a metal lattice. 



These reactions would account for'i-hJ „ 
tritium / 3 »i j generation of 

tritium ( H) and neutrons (n) in the metal. 

la t /° IT" neUtr ° n 9eneration in * *ar g ed -tal 
lattice, the neutron flux from a 1mm diameter x *\ 

palladium rod cathode was measured using an HarwaU ' 

Neutron oose Equivalent H onitor, Type 9 5/ 09<9- 5 . Th e 

Th^? 1 ;^ ° £ thiS — — tvpe instrument 
for 2.5 Hev neutrons was estimated to be about 2.4 x 10" 

• Further, the collection efficiency of the 
spectrometer for the cell geometry used is very poor. 
Nonetheless, these experiments monitored neutron 
generation levels severalfold above background at the 
monitoring electrode. 

Several basic heat generation experiments were 
performed to demonstrate that the neutron-generating 
events occurring in a charge „ M J 
the production of excess enthalpic heat, ^. , heat n 
excess of the Joule-heat equivalent energy used in 
charging the metal iattice. The experiments were based 
on the cathodic reduction of 0,0 from liquid phase at 
near room temperature using current densities between 
afcout o.a and up to 70 mW. The deutenum atoms were 

fro m m r nr, lnt °. Sheet ^ SamPleS ° f ?alladi » "t.! 

from o.lM LiOD ln 99 . 5S Dj0 + 0 . 5S(fj0 soiution ^ 

Electrode Potentials were measured with resoect to a >d- 
D reference electrode charged to phase equilibrium, as 

described above. 



Applicat.i nne 

At Neutron-Beam npnor^. r 

Figure II-5 is a schematic view of a neutron-beam 
generator 60 constructed according to the invention. The 
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aerator indues a 

generates neutrons i n accord, H " hich 

fKjlk . 4 dCC -oraance vit-h *-u 

the invention, and a coliw 6 princ iples of 

neutrons Dro dn, D , ™^° r 64 wh ^h coll 

imates 

^ j-u cne reactor +• 
indicated at 61. ° form a neutron beam 

Where the source of i e - • 
deuterium and tritium atom ^! h hydr °«« n b ° th 
°* expected in tne latUce ^«<»«»r reaction which would 

' (Vll) 

which would vi oi^ 

ia y^-eld neutrons with 

the 17.5 Mev range. energy attribution in 

o r the^r;: : rr iaB a bean ° f 

reactor are ther.ali.ed before real nSUtr ° nS the 
collimator, . An upstrean C0 " lm r a e t aChln9 « "ithin the 

<* «.t or machined aluminum Z °l """^ 8 ° U f °™ d 

« adjacent the reactor. A shutt " af "" U « 

(B 4 C, is used to centre! " ° f b °«l 

^ i. lined w a ! XPOSUre - 9, the 

... t n>ic al i y less thL i" 1 :::; 13 ;" 1 neutr ° n 

thecal neutrons, a materia! J" ^ 9m """"* 

neutrons, such as a polyethv,» ! thermalize the 

°e interposed between there * ^ < 

housed within the collimator. ' C ° Uimator °r . 

A downstream collimator sec^ „ 
aluminum or the li ke and has " 13 '"""^ of 

help suppress gamma rays r ! ° r lEad liner 9° to 

88 is a shielded filter " ? ° SSd bet "«n actions 80 
removable filter 94 such ° US1 " 9 " containi ng a 
"Iter, for fii te ri ng ^l^Z^ 0 "*'* 1 

V s from the neutron beaa. 



The collimator and reactor may be submerged in a 
pool whose cement wall i s indica tea at 96. The pool acts 
as a neutron shield. 

Published references, such as "Collimators 'for 
Thermal Neutron Radiography" Markgraf, ed. 0 . R eide i Pub 
Co., Boston MA, (1987,., describe further details on the 
construction of neutron-beam collimators. The collimator 
m the apparatus is also referred to herein as collimator 
means . 

It can be appreciated from the foregoing how the 
neutron-beam generator meets various objects of the 
invention. The source of neutrons in the generator is 
simple and inexpensive, requiring, in one embodiment 
only an electrolytic system for slow charging of a metal 
lattice with isotopic hydrogen atoms. Unlike 
conventional radio-isotope sources of neutrons, the 
source can be readily recharged without isotope handling 
Further, health and safety problems associated with 
fissionable isotopes such as polonium or radium are 
avoided . 

Although the system has a limited neutron flux 
output when cpmpared with a nuclear reactor or particle 
accelerator, the neutron output can be selectively 
increased, for example, by increasing the number and/c^ 
thickness and/or chemical potential of the netal plates 
in a reactor. Further, the energy distribution of the 
beam neutrons can be selectively varied from lov-enera- 
thermal neutrons (or even cold neutrons) produced by 
thermalizing the beam, according to conventional nethcds 
up to about 3.5 MeV for a deuterium charged reactor ard' 
17.5 MeV for a metal lattice charged with a mixture of 
deuterium and tritium atoms. 
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exposing the material to a b Produced by 

important material-relate* ° f radiati °n- The 

t he cross - sect . lon o ;in°i in radiography is 

Probablaty that an atom wlu nt deSCrlbeS the 

P-sing through thfi J £ » with the „ diatlon 

radiography, the cross . s J" In the «s e of X-ray 

increase with inoreasina \ ""^ ^""ally 

-^ ul ar ueight i::::: 9 su a r:; nir s ° that 

—in, against penetration by 2' J^^™ 

Particuiar, is r elativ ely h " for °f =1Ze ' and in 
hydrogen, u thium , y hl f £ ° r such as 

'« — nts such as ? low 

r °r ( " Neutron Radiati - - Ptur ;, c t°r oxygen ' 

««•. Pergamon Press, „ e „ Vork * °" ' ° hrien ' 
radiography thus provides a uni ' N£Utr ° n 

the presence of the hich neth ° d £ ° r Meeting 

^on, in a iower cro I s :it OES " SeCUOn «»«* as 

^oss-section mate-is l 
the presence of a l ow cross-secticn " ' ■ tersely, 
-bon. in a higher ca ,, w ^«»'. -»«* as 

■ Figure n- 6 is a schenat 
designed for neutron radiography 3pParatus "0 

embodiment of the invention T k' to °™ 

includes a c h arged- me tal reactoAo'T"" 9 "" r » U * 
energy neutrons, a collimator 104 / Pacing high 

neutrons into a neutron bean indi COlli "" ln 9 
Sector chamber 1 08 where I "' " ^ * 

-terial no takes place ^^"^ ° f a sample 
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The reactor and collimator employ the general design 
features discussed in Section IIA above. Where, as in 
the usual case, the neutron beam energy is in the 
thermal-neutron energy range, the neutrons can be 
thermalized within the collimator, or prior to entering 
the collimator by conventional means, such as passage 
through a polyethylene block. 

The sample chamber in the apparatus includes 
suitable support means (not shown) for supporting the 
sample or target material in a position in which the beam 
is directed onto the sample. Also included in the 
chamber is a film plate 112 on which the radiographic 
image of the sample is recorded, and a converter 114 from 
which film-sensitive particles, e^. , beta particles, are 
emitted when the converter surface is struck by neutrons. 
The converter is preferably placed in direct contact with 
the film and is formed of a thin gadolinium film or the 
like capable of emitting film-sensitive particles in 
response to neutron bombardment. The film and converter 
are also referred to herein collectively as recording 
means. The reader is referred, for example, to Harms and 
Wyman, "Mathematics and Physics of Neutron Radiography", 
D. Reidel Publishing Co., Boston, Massachusetts (1986) ' 
for a discussion of various types of recorder means 
employed in neutron radiography. 



The apparatus may be employed in a variety of 
thermal and high-energy radiographic applications, such 
as described in "The. Neutron and Its Applications", 
Schofield, ed. , The Institute of Physics, London,' 
England (1983), particularly for structural analysis of 
explosive devices, ceramic materials, electronic devices, 
mechanical assemblies, and aircraft turbine blades. 



Neutron dif f ractlon pr 
-Positions and motions * ™» "formation about the 
crystalline ma teri al . as a.^""™- 1 ""- " ^ 
neutrons in a b eam by ths £r ° D scattering of 

The aethod differs from l « material. 

crystaUography technl y * 1 "" et "» ~ 

the neutron bean depends J^""" Because 
n^lei, several types of inf r1 " 9 eVents involving 

Flrst ' si nce the scattering 

; S n " on atomic „u m L r Tn° SS " SeCti0n ° f ^ 

(see above,, the nuolear ^ ^ ^e^tic way 

the diffraction pattern can * iS 
•t« sites, as hy d ro gen - a J" " Snhance ma "y "ghter 
an electron density map . ' " hicn a « »aske d in 



Secondly, the 

localize isotoplc atM S to dxstinguish and 

«».r.nt isotopes of the r^™" th ' -Li of 
Wit. differently. Tne *«tter neutrons 

specific isotope substitute k ° f ="»»Ples in „ nicn 

the analysis of thl h J" • ^ or 
°£ complex macrcnolecules such aia,ensi ° n <»i structure 
simplified by substitution of h " ?r ° teinS ' ~y b. 
selected a mino acid sit s to """^ °* at 
*™ =ites in the -iWr.^^"" ^"-n of 

Finally, neutron-bean, diffr^-i „ 
^tect paramagnetic scattering the abili t>' to 

neutron scattering due to the .„ * ' * tQ ad °iti°nal 

-oment of the ato ra with that tera =tion of the magnetic 

' " e neutr °"- This allow . 
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»nv..ti,. tl o„ of the magnetic .tactuwrthi* are 

responsible for interesting .agnatic propert es a 
sample, such as ferrcmagnetism. anti-ferrom~n\ 
helimagnetism. f«roinagnetis», and 

Figure II-7 is a schematic view of »„ „„ 

for use in neutron-beam analysis 7a , "° 

t« +-u • ysis of a sample material 

» :: d a : p :r tu :' neutrons produ « d by * — 

s ngle C ° mmated by »"i~tor »4 are directed onto a 
yl III 7 I m ° nOChrMat " 126 • «». monochromator 

particul T ^ th ° Se nmte0 ™ ^ *ave a 

r •*» therefore energy, to produce a 

reflected output beam having a selected r,n, 0 * 

OCieut 2a range of neutrnn 
-erg.es. The construction of the reactor and 
have been described above. The collator is preferably 

iT:;.tr::;::e:; a "- - — «■ - — 

The monochrcmatized beam is directed onto a sample 
"atenal 130, producing a scattered beam whose intens ty 
at vanous scattering angies, is related to the 
crystalUne structure and atomic composition of the 
sample, as outlined above. The distribution of the 
scattered neutrons is measured by a rotating detector or 
detector means 132 designed to measure neutron beam 
intensity over a large scattering angle, as shown. The 
neutron detector is preferably a cylindrical counte- 
red with BP 3 gas, according to conventional neutron 
detector construction (Bacon, G. E. , " S . atron Pn .. sics „ 
Wykeham Publications, London, (1969). 

The apparatus may be employed in a variety of 
neutron scattering such as described in "Neutron 

Radiative Capture" chrien, ed., such a* rf „ ■ - 

' cn as determining the 
atomic and molecular structure of organic and bioorganic 
molecules, and for investigating static and dynamic 



MIOPTITIIT- 



-56- f : \\ 

\\ 



D. 




Neutron-radiative CJ ,n*- 
-trons with . targfit n C P s U i re to 1 7 1 -= coULion of 
« very short lived 1 either radioactive 

""-ion Produces r.,^^ 1 " ' » ^ neutron 
processes with a measurable h.«\^" e ™ iSSi0n 
^clei involved i n neutron ^ fe - «*• nature of the 

* -asuring gama . ray ^.l^ 0 ^^- «» be determine 

P-ticle emission cha l""^" ^ — -/« 
-thod is also knom as neu r t 1 r S o t n 1 " ° f *"°«n samples. This 
"as been used „ id ei y for a ««ation analysis, and 

—pounds present in , ^ °' eiements « 

a sample material. 

If the lifetime of t-h« 
°n the order of 10 -.« to ^"""-radiative events is 
^ sample material , Sec ° r the nature of 

C the .ater ial Th 7 lned 
"ferred to as prompt emission aPPr ° 3Ch 
P-Pt emission technije i "IT 3 ""' 
activation analysis, i„ ' nat . oon " ,1 ««"<=-ry to neutron 

*»» stable r adioa c i e ^.""V*'" 9 '' «o not 

pro.pt emission me h^ ^h ~ b — ment. 
" i- instantaneous, no„-L." ct " " ,V " ,t »'« «>«t 

Figure li- 8 is a scheMti(: . 

(or use in prompt neutron-radi a t i „ = ~ appa " c « 140 
sample material. In this "Pture analysis of a 

a neutron reactor 142 , and colli !' rSUtr °™ Produced by 
«. Erected onto a sampie mater" »« 
chamber l 48 . The construct » a sample 

£ the reactor and 
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collimator have been described above. " The" neutrons 
produced by the reactor, either upstream of or within the 
collimator, My be thermali Z ed and/or monochromati^ed 
such as by methods indicated above. 

The gamma spectra produced in the sample measured by 
a conventional gamma detector or detector means 150, such 
as a solid state germanium detector. For slow-radiative 
neutron capture processes, the apparatus may be modified 
for detect.cn of radioactive decay particles, such as by 
the addition of scintillation detectors for detecting 
alpha or beta particles. 

The apparatus has a wide range of analytical 
applications, including anaiysis of isotopic material, 
museum or archaeological samples, sensitive detection of 
environmental contaminants, detection of explosive 
materials for airport security, forensic analysis, and 
medical diagnosis. 

Although this part of the invention has been 

described with reference to particular embodiments 

constructions, and applications, it will be apparent to 

one skilled in the art that various changes and 

modifications may be made without departing from fche 

invention. in particular i *- u in u 

p iCUi3i ' ll - Wll l be apparent that the 

neutron beam generator will ha ve applications outside of 
elemental and crystallographic analysis, for example ^ 
medicine, for the treatment of solid tutors „i th high- 

energy neutron beams. 
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SECTION_Jir~ ■ 

The present sp +■ * 

r — „ s high :;:: :; rindings 

m a paUadiun, host lattic- "thodic polarization 

input to the exectrolvti, '1°™° ° VeraU 



A jj CU ^ o r 

input to the electrolytic faction 

( 



The magnitude of the excess cn m , 

/*. • «xcess enthalDv wa« , 

(typically i- 2 o „ atts cm -3 Py Was s ° l«ge 

Periods of « rrr-.— 

7.2MJ cm" 3 over th* ^* ' givin <? 0.36 - 

possihle to ascri be Z ^ CyCleS) th " ifc i- not 

process s<^> ' to any chemical 

The most surprising feature of + h 
from the fact tnat ^ ™" ° f th <^ "suits (apart 

•« « this way, is t l t th ^ bE indUced «t 

at the enthalpy re i P3ca • 
" not due to either of the well * W^ently 

reactions < 3 > . 611 estab lished fusion 



reactions (3 > : 

He (o. 8I „. v , + a (2 45 Hev) ^> 



ons 



which have the highest (and rouc.v y egual, 
of the Known reaction paths for'h h cro «-"cti 
Although low levels of tmiuT h '""^ d « Ut ««>"«- 
-re detected,.'. the enthalpy ^^r;^ 1 ^ ° £ 
which is aneutronic and atritonic oth «•"• 
suggest that a prinary tritiun, ' "Ported works 

involved. <«-•> Pr °" ss also be 
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Successive series of measurements carried out showed 
that it was necessary to carry out many experiments on a 
substantial number of electrodes and over long periods of 
time (the median duration chosen for a measurement cycle 
was 3 months) . It was necessary therefore to adopt a low 
cost calorimeter design; some of the reasoning underlying 
the choice of the single compartment Dewar-type cell 
design, Figure III-l, is outlined herein. 

All measurements reported in this Section were 
carried out with 0.1, 0.2, 0.4 and 0.8 cm diameter 
palladium as well as 0.1 cm diameter platinum rod 
electrodes. The palladium electrodes (Johnson Matthey, 
PLC) came from three separate batches of material and a 
typical analysis is* given in Table III-l. 

TABLE III-l 

Typical constitutional analysis of the Johnson- 
Matthey palladium rods used in this work. 



Element % by weight 



Ag 


0 . 0001 


Al 


0. 0005 


Au 


0. 003 


B 


0. 002 


ca 


0. 003 


Cr 


0 . 0002 


cu 


0 . 001 


Fe 


0 . 001 


Mg 


<0. 0001 


Ni 


0. 0001 


Pt 


0.001 


Si 


<0. 0001 
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The batch numbers of 
"entire in the J PaU-diu» utiu 2ed are 

c ell 200 of tho 91Ven fa elow A „, 

and • Present invent i • ° re Stalled 

and is shown i„ r,- A,lv ention is of *. h „ a 

now n in F lgure S of Dewar typ e 

. J n this cell 

m Tne electron SUr ^oundina 

Place by the deep K *i «. tr ° des 212, 2l8 lng 

b °ttom of th F plut ? and K el F , ld ln 

m of the cell 200. Th „ F Space ^ 226 at the 

an * cathode assured th C ° nf Nation of the » , 

Potential over the eStabli ^ ment of a ' ^ 

er the surface . a "mforn 

hl ' h o, ch arglng of 

Temperature 

"librated t herini "l^*™"^ «r e nade wl . 

--=7 « 0 s n ve heati ^ ; ~'r;- nt 

y ^^on metal film . ( Dl 9i-key + •>* 

stability better ,! resist « chains m,/ ~ 

th... ..I ttSr than 100ppm/V. ' ^ henna l 



these components 234 , A PP ' C) ' Sections 23* , 
a * further t-h . ( Wel1 as to ~ w 236 to 

*"h a referenT iSt0rS ^ 

reference connection 2^ w elect rodes 237 

24 °- The p lugs 238 J tube 2 ,o and a 
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The cell 200 was maintained in speciallv 
water baths stirroH specially constructed 

::::: ini - - - cells ;:r h h :; e : ach 

maintained so that 8 to 15 cell. m w 

»-u id ceils may be run 

simultaneously. The resnn-e ~ 

-nit; results presenhoH ^ ^. *-u • 

are based on ap proximately 54 total el SECtl ° n 

appro Xim atel y 360 ceU calibrate e * PeriMnts and 

«- »** tTOture ^L"vr that 

the surface of *. greater than 0.5 cm below 

tetter t ha ^ ^ ~" M be -Stained to 

the vicinity" ^ 0 3 J** in 
auowed to 1^^^ ^ ""^ ^ 
wa, maintained t^/L ^ ^ 

;:i n ::r ned — -* * — - in 

reed using a dosimeter pump connected to * 
second thermostatted water bath. 

The minimum current used in all i-h Q 

reported here was 200 ^ „ experiments 
ieie was 200 mA and it was f ^ ^ 

could be used at ™. - that the cel ls 

-ct rolyt e ed :::: z r - 

electrolytes currents as h^h Ll 2 S0 4 

combined with video recording- rari / G .^ eCtl0n 
^ extremely rapid (tiae s e " ^^t^" 9 ^ ' 

t0o k place on an approximate 20 me ** M ^ 

currents used. As the th ^ ^ ^ l0West 

calori _ thernal relaxation time of the 

calorimeters was approximately isoos thp , , ■ 
^^r, u • , 1 xouus » the calorimeters 

can be considered to be we] l J ers 

*.l i ■ , Wel1 stirred tanks. in view of 

the high degree of mixinq' and f hB ■ • , 

injection of heat the 3X13117 Unif6r » 

within the i ^ Variati - in temperature 

within the calorimeters was found to be o.oi' except fo - 



o 



the region in contact with t-h u 

variation reached 0 02' ^ ^ ' W ° m ^ 
distributions were d *h " temperature 

3 theaters which co^T^ ^ ^ 

axial directions. ^splaced in the radial and 

AH measurements reports k 

Wl^oifticUy Using ^ ln h ";' ~- 

P°tentiostats connected as 1, InStruments «°del DT210! 
arrangement used, Figure " • lv "»»*»t.. The feedbac* 
against osciUations. The ga^T"" t0tal Paction 

<n°ne found throughout this „ ork " a V ° SClllati °ns 
and 120 Hz < o.04* of the n c riPPU con ^nt (60 

a°°ve eoo mA were carried J' J™"***" ' ""surements 
HI-2B, this ensured . "n" T «»™ '« 

could be extended to much hil °alvanostat 

'Measurements at current jeve^upTT 

"her forms of caxorimeters have al "* ^ USi "' 

tetrodes were charged at s ^ "° f ^ — . , 

- S Clonal relation tL otj ^ 
densities were then appUed V CUrrent 

~ - ..her 9 diffus,:;:; r^:-- - 

Salvanostats to drive the resist! ' " Sin9 

The measurement scheme, adopted „, , " eatln9 elene nts. 
electrolyte volumes were re plen I sh " cell 

f-r experiments using'c " ^ »< « « ,3 

1600. 400-800,. and 200-400 M r " ^ range 8 °°" 

and the cell temperatures were "^" Ctiva1 ' to a set marx 
3 h ° Urs < >6 dermal relaxation tiS^ eqUilib "te for 
then applied for 3 hours usino rh 3 ° Ule heatino va = 

9 the r "i«iv. heaters, the 
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input current from the galvanostats being adjusted so 
that the final temperature rise over the sloping baseline 
was about 2V Tne cell teBperature , cell volta ^ bath 
temperatures and, when appropriate, the heater voltages, 
were stored every 5 minutes using Keithley Model 199 
DKH multiplexers to input data to Compaq Deskpro 386 16 

com P ute ™- Examples of such measurements for two 
different experiments at three different times are shown 
in Figures m- 3A - e and III-4A-C. The measuring circuits 
were maintained open except during the actual sampling 
periods (voltage measurements were allowed to stabilize 
for 2 seconds before sampling; thermistor resistances 
were allowed to stabilize for 8 seconds before sampling, . 
Data were displayed in real time as well as being written 
to discs, variations from these procedures for special 
experiments are given below. 

Experiments at low and intermediate current 
densities were carried out using 10 cm long electrodes; 
for the highest current densities the electrode lengths 
were reduced to 1.25 cm and the spacing of the anode 
winding was reduced to ensure uniform current 
distributions; such shorter electrodes were placed at the 
bottom of the Dewars so as to ensure adequate stirring. 

Experiments were carried out using D 2 0 (Cambridge 
Isotopes) of 99.9% isotopic purity. 0 . 1 M LiOD was 
prepared by adding Li metal ( A . D . Hackay, 6 L i/ 7 Li = 1/9 
to D 2 0; 0.1 M LiOD + 0.5 M Li 2 S0 4 and 1 M Li 2 S0 4 were 
prepared by adding dried Li 2 so 4 (Aldrich 99.99%, 
anhydrous, 6 LI/ 7 Li = i/n) to 0.1M LiOD and D 2 0 ' 
respectively. The light water contents of th'e cells were 
monitored by NMR and never rose above 0.5%. samples 
withdrawn for HDO and tritium analyses were made up using 
the appropriate electrolytes. A single batch of 
electrolyte was used for any given experimental series 
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Normal losses due to e i «. 

hi9h c.u textures, e w C e t r r : 1 ^ d iS -vporation .t 

I "ere made up by adding Dj0 . 

The current efficacies 
-cording to ruction (i) were d V ^ tr °^ 
the combined rates of gas ^ eterain ^ by measuring 

8"rpri. lngly> these eff 9 ". eVOlUtlon '«» the =el ls . 

— also shown by the record oToT^^ ^ " % " 
current efficiencies haVfi now D »° «°"ions. such high 
«rt ,U> . The high vaiues " alS ° bee " ^rted in other 

the inhibition of DP oxidat UM "'^ - ten»s of 

j» r 2 oxidation at the ^ 

formats and by the extensive - * pt -~"« 

-ntent of the electrolyt " \ """^ ° f the °Wn 
° 2 -volution. These „ J„ th « ^hode region by the 

simplify the analyses of ^ B »«iencies greatly 

"Black Box" modei which is l^lT tal ^ 3 

onefiy described, below. 

m4£K - aas;: -Hadel s _of_th e ca1n . 

In common with all nth 
engineering devices * h ph y sic °chemical and 

—or of the 0.^:^-.^ the 
requires the construction of Ctr ° Chemical "lorimeters 
A preferred method of toJ 'T"* b ° X " BOdel - 

"tting of the model to th °" the 

linear regression analysis d «a using non- 

Calorimetry for the mode! shcu- - , 
on a suitable set of blanks „ Preferably be based 

-led =ell, carefuu, p^ned . and 

non-linear regression tecnni ques Th * inClUding 

carefully consider all hea t r ' n ° del should 

deluding: eiectric en^! „ ^ "T""* ' 
input, heat input due to replenish CaUbration h "t 
•X.ctroly.i. and evaporatj ! h at ^ ""^ ^ * 

Nation <"* conduction, heat trans eT l'" ^ by 

transfer from the cell 



the cell due 
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to la ent heat of evaporation of D j0 , heat !oss due to 

! n ?! ""'^ °" " the '« (*or example, o 

0, n Dj0) . heat generated due to 

Further, there snouid be consideration of the time 
dependant temperature change in the cell due to the 

h ui; : so th : contents ° f ^ — — *™^ im 

should a lso be , lven to careful theraostatt 
external bath and atmosphere temperature. Care ul 
choice, should also be made of instrumentation and 
temperature measuring devices, such as thermistors, 
heater components, ohm meters, volt meters, bath 
circulators, potentiostats, multiplexers and data 
processing- equipminT: " 



Results 




ions 



A summary of the ro<;nn-= • 

S obta med using o.l, 0 2 and 
0.4 cm diameter rod electrodpc i B • • 

electrodes is given m Table Ili- 3 
while the relevant results for- ^ 

Uits for other experiments are 
summarized in Table IH-A6 1 
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Table IH-3 lists the times elapsed fro, the start 
of any particular experiment, the current density the 
cell voltage, the enthalpy input, the excess enthalpy q 
and the excess enthalpy per unit volume. The derived 

ZlTl 'I Tl T3ble W6re ° btalned ^ b ° th thS ^ox-ate 
method of data analysis and by an exact fitting procedure 

usmg a "black box" design of the type briefly described 

herexn; error estimates are confined to the data derived 

by the latter method. Data are given for the three 

electrolytes used arid the batch numbers of the particular 

electrodes are indicated. The measurements were made, as 

far as possible, when a steady state of excess enthalpy 

generation had been reached. However, this was not 

possible for some electrodes at the highest current 

densities used because the cells were frequently driven 

to the boiling point. The values given for these cases 

apply to the times just prior to the rapid increases in 

cell temperature (see section on Enthalpy Bursts) 
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The values of the rates of excess'Tnthalpy 

generation listed in Table m-3 are lower li m ^ c h 
hri fh , xower limits because 

both the .ethod of calculation and the neglect of the 
latent heat of evaporation lead to an underestimate of 
Q f . There is a further factor which leads to an 
additional underestimate of Qf : the dissolution of D in 
the electrodes is exothermic and consequently the sloping 
hase nne causes a decrease in the solubility with tiL 
and therefore an absorption of heat. This factor is 
difficult to quantify since the deuterium content of the 
lattice will not be in equilibrium at any given cell 
temperature. We have therefore neglected all factors 
which would give small positive corrections to the 
derived values of the excess enthalpies. of the three 
corrections listed above, that due to the systematic 
underestimate of the heat output from the cell is m ost 
significant. 

Blank Experiment 

Table 111-4 ii sts the results of a variety of blank 
experiments: measurements with Pd electrodes in light 
water, with Pt-electrodes in l ight and heavy water and 
measurements with 6.8 cm diameter Pd electrodes in- heavy 
water. It can be seen that most of these experiments 
give small negative values for the excess enthalpy 
These negative values are expected for systems giving a 
thermal balance according to the electrolytic reaction 
U) or the corresponding reaction for liaht water since 
both the method of calculation and the neglect of the 
enthalpy output from the cell due to evaporation lead to 
an underestimate of the heat flows from the cells 
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^-^ndence_of_t]^^ 

■ — ■ Burata i n Eni-h^ipy.. 

Figures III-5A and B are examples of the 
temperature-time and the associated pot.nti.l-ti.. „, , 
an experiments which show marked increases In Z\ I 
outputs while Figures III- 6J „„„ » 6at 
o, the specific Less Z t i \ ll^ »<« 
and B give the time dependent ^ 
excess enthalpies for the corresponding sectiLs 
experimental data. A number of important concius ons 

: i r: f these time i- ««~«. 

onf , . 7 ' toursts m the production of excess 

enthalpy are superimposed on the slowly increasing or 
steady state enthaipy generation and these bursts occur 

t unpredictable times and are of unpredictable u on- 
re urL 1 "! ^ ^ ^ ™™ — ^ Production ' 

Dust prior to the initiation of the burst; thirdly we 
have found that ceils are fre q uent ly driven to £ 
boiling p 0 mt, e . g ., see ^ ixi _ s 

enthalpy production must become extremeiy Urge under 
these conditions since the dominant mode of hlat transfe 
- now the latent heat of evaporation. It ls n ot 
possible, however, at this stage to maKe a quantitative 
estimate of the heat output since the 

instrumentation are unsuitable to make estates under 
these conditions. It should also be note: that, a^ 
the cell potential initially decreases ( - n a -^ c -^ 
situation for the bursts, there is s a H T" ^ 
increase of the potential with time w e , Tn.'^ " 
to the boiling point probably due to the ,^ o 
electrolyte in spray leaving the cells. 

The attainment of boiling may be due to a burst in 
enthalpy production or to an increase in the baseline 
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output. Because of a D ol ' — — J 

exponents (or< at lcv « d "conti„ uing the 

d *nsity) when the boiiina'n the current 

*«°Pt* d , th e se cannot yet iS - oeen 

*«. are as follow ' The reasons 

-other.ic under these J^'"" 1 ""- » f 0 in Pd ^ 
temperature must therefore L a ine '—- of 

-crease of the chemicai potentT^"^ * * 
-«.olv«, D+ since chemica P ° tent f al Uugacity, of 

-tabHshed by the r . la J^"*'- ""not he 

Passes. such conaitions sho u ; d W taxation 
P"-nt stage of research ' < * ouW b * avoided at the 
"ncontroUapie energy reL ^ C ° Uld l — to 

«>• '.ct that rapi/Lcre" ;r of T""" 0 " " to 
accompanied by marked x ' ° f _ '«P.r.tur. are 

° f trltiu m oth= " asss in the rate of 

• Other aspects of ►>. f 9«neratlon 

~ — ^ the oiscussi:^:::-- - — 




The results for i- h « 
J'"' "X-3, s hw that verT:;; SnthalW '"-"tion, 
«ows can be obtained by ^fcT' ^ »' the heat 
tec„„ ique adopted. The re aso f 3 S " Ple "Metric 
^ very lar ge redundancy of th I ^ ^ 

-1000 measurements of a ^ consists 

temperature-time prof u , «-"->«ur.d csU 

P :;i r neters ° f - ^«v s used to 

Parameter is determined separated '' ^ 

voitage-time prof lle plot P "" t ' 1 * the measured c ell 

accuracy app U es to t he rando * b °" the 

-Pnasized again that the bUt " *» 

c a S — — ^estimate I « "^'"-n lea ds to 

corrected. ° h can < however >- J - 

er ' readily be 
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the blank" a "° Ut the are borne out by 

the blank experiments, Table „ W , whicn sho „ " y 

=a orimetric technics adopted gives satisfacto h ™ al 
balances for electrolysis according to reaction 

2H 2 0 - 2H 3 0 + 0, 

2 (iv) 

for a wide range of conditions and systems. The 

experts on the o.a cm diameter Pd electrodes in 0,0 

are regarded as the most significant blanks r„ 

with numerous other invest ia,^ °" 

carried out lnve «igations we have therefore also 

earned out experiments on the Pd/D system which give 

zero excess enthalpy. Excess .rn-h.i 

o a™ "cess enthalpy generation on 

0.8cm diameter electrodes has now been achieved by using 

a recently obtained batch of electrode material. The 

tho's! ;V X :7. enthalPy 9enerati °" £ ° r **P"-nts such as 
those Usted ln Table ni _ 3 ^ v . eued as 

c these blank experiments. The specific excess en h py 
generation can reach rates as high as ioo watt cm"'; th fs 
is a factor of approximately five (5) times higher than 
te ig est value reported previously- and is comparable 
to the hlg0 est value achieved in a recent investigation 
U =xng seebeck calorimetry<><» . Tne values of the Tx/eTs 
enthalpy listed in Table In- 3 a „ u 

a^xt; in 3 are a x so broadlv in -m r,„ 
with the results contained in * k 

(e q see C), f nUmber of ° ther reports 

(e.g. see ) for comparable experimental conditions. 



It should be noted that (-h n 

c tnat the present data suDDort the 

View that the "steady-state., enthalpy generatio u 

to a process or processes in the bulk of the elec rode 

: :r hat : tatement does not - •■••» - - 

cut as that made on the basis of the results contained in 
the inventors, preliminary publication.' The data 
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presented here show in more detail that ^ 
excess e„tha lpy production increase 1 - ° f 
density, F i gure XII . 9 , (the -» k «'l» »ith current 

on the order !>, so much s0 ™" ^ " UMt 

appearance of a threshold oh """^ the 

higher precision at L .ZZTT"' EXP " L »'^ <* 
-ever, to decide whelh er HI"* ' 

what the threshold current denlitv ' ^ " 

«= -e highest current ^^TlZ^T^ ^ *" 
systematic difference between t„. „ ! dl =«rnible 
batches of electrodes and e ectrolvt ^ ^""^ 

experiments. The scatter I n " ° U " d ln thes * 

WU at these' hich 7 rSSUltS is "latively 

-comes iar, a o„ L"::'"": 1 "" ^ — 
»- M wen be that th s scatter ^ » 
the electrode material and " ** di »*""=es in 

a lso be that ; : t ;° rr but u 

lattice is more sensitive to t ha deut «°"* in the 

— itico. for measurement a Tl^Z^T 
-rent densities. The absence Z exc s T* 
generation f or o 8 ™ * • . excess enthalpy 

Batch > certainly poL t t e h r e eleCtr ° deS 
-anuria! history of ^^T^ "» . 
It is noted that most investW • determining g 

have used relatively lcw ^!! t T rePO " ed ^ ^ 
-y wen account for' si o 7 ^ ^ 

results, furthermore the caio Le 't c'h ^ 
-thods of data evaluation adopted .a 9 "" ^ 

investigations would not allow the L at " 
°f low values of the excess enthalpy. — »"«»ent 

Statements as to the magnitudes of the tnf , 
are dearly arbitrary since these depend 
of any particular experiment, measur „ 
excesses of - 50 «a cm- have now been 

tot.1 specific excess enthalpies in the ! h ^ ^ 

^ ln the enthalpy bursts 
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are perhaps better defined quantities"in~thi s regard 
Figures hi-sb. m-™ and TI1 . 88 give th£ data I ■ 
largest burst observed to date ^ . t . = 
the total enthalpies in the hursts are also £ ar above th 

Furthermore, for these hursts, the rates of enthalpy 
production are up to l7 ti.es (plateau levels, and lo 
ti.es (peak values, the total enthalpy inputs to the 
cells. As pointed out previously"" the use of energy 
efficient systems „o Ul d allow the construction of 
effective heat generating systems even if the excess 
enthalpy generation were restricted to the baseline 
values of Table. H1-3. 
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CLAIMS : 



• Lttic. structure capable of ^ 
"otopic hy dro,en and cataiyjing nuciaar 
"actions involving said Uotopic ^^^^ 

(b) means for utilirinrr = 

u ^-iJ-i2ing a product of 

u or said nuclear 

reactions. 



2 - The apparatus as cl*i mo ^ • 

S clai ^ed in claim l, wherp : n 

generated b y said n , " COndu «^ heat 

Y Said ""Clear reactions. 

3 - The apparatus as claimed in claim x or cla - , 

«h«ei„ said m eans for utili 2ino • , 
„„,.. utilizing includes means for 

collating neutrons fro. said nudear reaction 
neutron beam. "actions lnt0 a 

- - apparatus as claimed in lny of claims 1 
—aid means for utili 2ing ^ 
aerating eiectric.t, from said nuclear reaction 7 
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5. The apparatus as clained ln any of clalms 1 t<> ^ 
wherein said lattice structure is permeable to said 
isotopic hydrogen, and said apparatus includes means for 
accumulating said isotopic hydrogen into said lattice 

structure. 



and 



«■ An apparatus for generating energy, comprisi 



ng: 



(a) a latt 



ice structure capable of accumulating 
isotopic hydrogen; and 



(b) means for accumulati 



ng said isotopic hydrogen 



to a sufficient concentration in said lattice 
structure to induce energy generation. 



7. The apparatus as claimed in any of claims 1 to 6, 
wherein said lattice structure is crystalline. 



8. The apparatus as riai«^ • 

s ciai ^ed in any of claims 1 to 7 

wherein said lattice structure is metallic' 
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»• The a Pparatus as cla . med - - _ 

— in said lattice sfcructure ^ J°! — i to 8 , 

IVA or an all oy thereof _ 



The apparatus as c i aim , . 

as claimed in anv of , . 

»• The a pparat us as claimed in 

— " — structure is pal d 1 *> «. 

— — — --^rr ■ 

" • aPParatUS " m any of ' ' 

" herei " - ttlce structure ^ J . Cla " S 1 *> ». 

is fernuonic netal. 

" ' ThS a PP a «tus as claimed in a - - 
herein said Uttice ^ ^ " — 

<* -c Umulating isotopic hydr ^ «,. wuty 

having a relativeiy , ow ' 3 mater ial 

iy capability , 

isotopic hydrogen. ' ' ^"^^ 
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14. The apparatus as claimed in any of claim 1 to 13, 
wherein said lattice structure includes radioisotopic 
atoms . 



15. The apparatus as claimed in any of claims 1 to 14, 
wherein said lattice structure includes radioisotopic 
atoms selected from the group consisting of 60 Co, 90 Sr, 
106 Ru, i»cs, 147 Pm, »o Tnf 2io p0f 238 pUf 242 or 244( 



*Cm. 



16. The apparatus as claimed in any of claims l to 15, 
wherein said lattice structure includes atoms which emit 
high-energy rays or particles upon exposure to neutrons. 



17. The apparatus as claimed in any of claims 1 to 16, 
wherein said lattice structure includes boron, berylliu 
or carbon-14 ( 14 C) . 

18. The apparatus as claimed in any of claims 1 to 17, 
further comprising means for exciting said lattice 
structure with high-energy rays or particles. 
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19 • The apparatus as claimed' in^ ' 

20. The apparatus as ci»*» .» • 

S cla ^ed xn any of claim* , 
. wherein said isotopic hydro* • 19 ' 

hydrogen deludes deuterium 

21 - The apparatus as claims • 

claimed m any of claim* , «. 
herein said isotopic h . Claims 1 to 2 °> 

P hydrogen includes tritium. 

22. The apparatus as clai™ ^ • 

— • - c:;::;:;;;:r. r - ■■■ 

«W apparatus further incl „ ' 
-"ice st r ucture " ™- - 



" - ^ ap P""- as cl.i,. d ln cla „ „ 

fluid is an electrolyte and ■ 

• WJ -yte, and said ^P^nc * 

includes a c h ar g e-„nerat ino 

^ H^neratmg source ff or el 
dec 0nposing said electro ■ le «« lyticaUy 

a- mulated lnto said latt y ;; e ; nto ^« 
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24. The apparatus as claimed in claim 23 wherein said 
lattice structure is ah electrical conductor and is 
connected to said charge-generating source to be the 
cathode during said electrolytically decomposing of said 
electrolyte. 



25. The apparatus as claimed in claim 23 or 24, wherein 
said electrolyte is an aqueous solution comprising at 
least one water-miscible isotopic hydrogen solvent 
component. 

26. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is deuterated water. 

27. The apparatus as claimed i'n claim 25, wherein said 
isotopic hydrogen solvent component is ordinary water. 

28. The apparatus as claimed in any of claims 23 to 27 
wherein said electrolyte includes lithium. 

29. The apparatus as claimed in claim 19, wherein said 
isotopic hydrogen source is at least one fused metal 



° t0P1C in contact v i 

^at us turther ^ str uctU re, 
h «««- •»„ the iattice s ""-^ ^ heating th 

"atopic Hvh structure to prooote „< 

"ructure. hWride "to the iatt ioe 

latti « ». palladim ; aim »• —in the 

<•*«*»-. deuteride ;r is fused 

""tares thereof. ' P ° ta3siu, » deuteride or 

^ -n. for heatino is a „ " « herein 

~ of he ating said ^J 9 "^ -cure. 

said — ^ ato i t : etai hydride to 

32 - A method of reac-in • 

the steps of; ' ~ =gen co raprising 

(a > forming a i a .. iro 

^ iCe structure wh lrh 
ls °top ic hydrogen anrt stains 

—ions involving sa . 

' 1S ° tOPic and 
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(b) using products of said nuclear reactions. 



33. The method as claimed in cla im 32, wherein said step 
of using includes directing neutrons fro* said nuclear 
reactions to a target area. 



34- The method as claimed in clai m 32 or 33, wherein 
said step of using includes generating electricity fro, 
said nuclear reactions. 



35. The method as claimed in any of claims 32 to 34, 
"herein said step of forming incXudes the step of 
subjecting the lattice structure to a source of the 
isotopic hydrogen to cause the isotopic hydrogen to 
permeate into the lattice structure to achieve a 
concentration therein sufficient to induce said nuclear 
reactions. * 



36. A method of generating heat, comprising the step, 
of: 
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U) subjecting a source of i« l! • 

lattl . ° f -^-cop lc hydrogen tQ a 

:::::;r -— - — - — 

(b) CaUSin ^ Atopic hydrogen to np 

i,^. Permeate into the 

lattice structure to ■ 

th . aChlSVe a concentration 

therein sufficient to 

lndu « «» . g .„. ratio „ of 

^ther c= mprising tfc . 

* -« 1-ttic. to work COnVerUng — — 



39 • The method as ^ ■ 

claimed m any of ^ains , . 

wherein said i a .. in , 32 to 33 ' 

la_ ice structure includ 

atoms. rad ioisotopi c 
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; ;; ein said uttice — — atoms which ; mlt 

rther comprisln9 the «-p - - iting said lattic ; 

•tructur. with hig n-e nerg y rays or 



^ iS ° tOPiC inc lud . s deuterium . ' 

" • ^ neth ° d " i" «ny of c laims 32 to 42 

WherSln iSOt ° PiC ^rc g en includes trltiM . ' 

--.in sa id isotopic hydrogen source ^ ^ ' 

Md mSth0d furt h« includes the «.„ of 

electrolyticauy de co a posi ng sai d . lm ct^y t . to .„ h 
. . to fern the 

"otopxe ny drogen which permeates into ^ 

structure. 
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The method as clai med in 
-ttice structure is . < ' -1- 

cathode during sald , y and is the 

9 " ld elect "^ticau y decomposing. 

The ""^d as clai med in claim 
"id e le ct roly te is an a 

aqUe ° US S ° luti °" "prising at 
-st one „ate r -misci bl e isotopic hydrogen 
component. nt 



47 ' The meth °d as claimed i n claim dfi 

in claim 46, wherein <sa<* 
atopic hydrogen solvent comn 

ivent component is deuterated water. 

- - method as claimed in claim 46 , wherein ^ 
° tOPlC hydr0 - n ~ ~nt is ordinary water. 

49 • The method as claims • 

li r w fc claims 35 t- 0 . 
said isotopic hydrogen ^ 5 «. 

-ed ,etai isot3p;c ^ in _ ^ ~ 

-tructur.. and said nethod furthe . ^ ^ttice 

-tin, the hydride to promote rai ;.;:: o p n ris ; s . the ■«=•> - 

into th . lattlce structur r^° n "< 
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50- The method as claimed in claim 49 
. "herein the step of heating includes the step of 
applying a pulse of power to heat said fused metal 
hydride to transfer said isotopic hydrogen to said 
iattice structure in less than about one microsecond. 
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